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Chapterr  2 

Rhodiumm Complexes Based on Phosphorus Diamide 

Ligands: : 

Catalystt  Structure versus Activit y and Selectivity in the 

Hydroformylatio nn of Alkenes 

Thee rhodium-catalysed hydroformylation reaction of 1-octene with phosphorus diamide 

ligandss has been investigated. Four monodentate phosphorus diamide ligands and six 

bidentatee phosphorus diamide ligands derived from a 1,3,5-trisubstituted biuret structure have 

beenn synthesised. This types of ligands combines steric bulk with Ti-acidity. The rhodium 

complexess formed under CO/H2 have been characterised by high-pressure spectroscopic 

techniques.. Spectroscopic experiments revealed that the monodentate ligands form mixtures 

off  HRhL2(CO)2 and HRhL(CO)3. The ratio HRhl^(CO)2:HRhL(CO)3 depends on the ligand 

concentrationn and its bulkiness. The bidentate ligands form stable, well-defined catalysts with 

thee structure HRhLnL(CO)2 under hydroformylation conditions. Both monodentate and 

bidentatee ligands have been tested in the hydroformylation reaction of 1-octene. The 

monodentatee ligands form very active catalysts but the linear-to-branched ratio of the product 

iss low. The bidentate ligands show improved selectivity compared to the monodentate ligands 

andd an activity that is only slightly lower. 
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2.11 Introductio n 
Sincee the first publications concerning hydroformylation using rhodium complexes, 

thiss reaction has been subject of numerous mechanistic studies.1" ~ An important aspect has 

beenn the unravelling of the structure of the resting state of the catalyst in order to understand 

thee outcome of the overall catalytic reaction. Recently it has been shown that the geometry of 

thee catalyst and the properties of die ligands coordinated to die metal centre, especially the 

electronicc and steric properties and die bite angle of bidentate ligands, have a large effect on 

diee catalyst activity and selectivity.13"16 

Thee steric properties of die ligand influence die catalyst activity and selectivity 

considerably.. The results of van Leeuwen et al.17'18 have shown tiiat ligands witii large cone 

angles199 form catalysts having die structure HRhL(CO)3, which are very active 

hydroformylationn catalysts. The regioselectivity is low because only one bulky monodentate 

ligandd coordinates to die rhodium centre. An important steric property for bidentate ligands is 

diee bite angle. The bite angle determines whedier both phosphorus atoms of die bidentate 

ligandd coordinate at equatorial positions of die trigonal bipyramid (ee) or at an equatorial and 

att an apical position (ea). Casey13'15 studied die effect of die bite angle on die selectivity of 

diee hydroformylation catalyst and found a correlation between die regioselectivity and die 

coordinationn mode of die bidentate ligand in me trigonal bipyramidal structure. The studies of 

vann Leeuwen et al.,16 however, showed tiiat die coordination mode of a bidentate ligand per se 

doess not determine die regioselectivity, as botii isomers (ee and ea) may form die same four-

coordinatee intermediate in die hydroformylation cycle. Furthermore, they found diat die ligand 

basicityy also contributes to die catalyst performance. Previous studies,7' 20 tiiough neglecting 

bitee angle effects, showed tiiat ligands witii electron-witiidrawing groups lead to more active 

andd selective catalysts. 

Inn an extrapolation of die results of steric and electronic ligand effects, it seems 

attractivee to design strongly rc-accepting ligands that create steric hindrance close to die 

rhodiumm centre. Here we report on several monodentate and bidentate phosphorus diamides as 

ligandss in die rhodium-catalysed hydroformylation of linear alkenes. These ligands create 

moree steric bulk close to die phosphorus atom compared to die electron-witiidrawing 

phosphitess because of die higher degree of substitution at nitrogen compared to oxygen, while 

theirr %-values21 can be in the same range as tiiose of phosphites. This combination wül result 

inn crowded, electron-poor rhodium catalysts, which might influence bom activity and 

regioselectivityy of the hydroformylation reaction in a desired way.Several examples are known 
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off  phosphorus diamide ligands used in the hydroformylation reaction.22"25 The results obtained 

withh these ligands show improved activity compared to phosphine systems and improved 

selectivityy compared to phosphite systems. 
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FigureFigure 1. The Monodentate Biuret-Based Ligands 

Wee synthesised a series of four monodentate phosphorus diamide ligands in order to 

investigatee the performance of the corresponding catalyst systems in die hydroformylation 

reaction.. The ligands are based on a 1,3,5-trisubstituted biuret structure (Figure l).26 The 

electron-withdrawingg acyl substituent on the nitrogen atom stabilises the phosphorus-nitrogen 

bondd and increases die 7t-acidity of the ligand. The solution structures of the rhodium 

complexess formed under hydroformylation conditions were determined. The influence of die 

catalystt structure on the activity and selectivity in the hydroformylation reaction was 

investigated.. As the selectivities of the systems containing monodentate ligands remained low, 

wee syntiiesised a series of bidentate phosphorus diamide ligands to form well-defined catalyst 

systems,, aiming at hydroformylation catalysts tiiat combine regioselectivity witii high activity 

(Figuree 2). 
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FigureFigure 2. The Bidentate Biuret-Based Ligands 
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2.22 Results and Discussion 
2.1.11 Synthesis and Determination of Steric and Electronic Ligand Properties 

Thee monodentate ligands la and lc were prepared in a straightforward way by reaction 

off  phenylphosphorus dichloride with N,N',N"-trisubstituted biuret in presence of a base, lb 

andd Id were synthesised in two steps by the reaction of phosphorus trichloride with 

N,N\N"-trisubstitutedd biuret followed by die reaction with die corresponding alcohol in tiie 

presencee of a base. The ligands la - Id could easily be purified by column chromatography. 

Thee ligands are remarkably stable towards water and oxygen. The bidentate ligands 2a - 2d 

weree prepared by similar procedures from die chlorophosphorus diamide and the 

correspondingg alcohol. Ligand 2e and 2f were synthesised in a clean reaction from the 

dilithiatedd xanthene backbone and me corresponding chlorophosphorus diamide. No 

decompositionn of die phosphorus-amide bond was observed in this reaction. Ligand 2c was 

purifiedd by washing witfi water. The bidentate ligands 2a, 2b, 2d - 2f are not stable under 

diesee conditions and dierefore diey were purified by column chromatography. 

Tablee 1. Cone Angle 0 Determined by the use of Space Fillin g Models 

Ligand d 

l a a 

l b b 

l c c 

I d d 

Conee Angle 6 (degrees)3 

189 9 

161 1 

148 8 

143 3 
11 see reference 19 

Thee cone angles 9 of the monodentate ligands la - Id were determined by die use of 

spacee fillin g models as described by Tolman.19 Ligands la - Id have cone angles between 143 

-- 189 °. 8ia is larger man 180 °. This indicates mat mere is space for only one ligand la in die 

equatoriall  plane of a trigonal bipyramidal structure. However, it must be taken into account 

matt me substituents of die ligands can mesh into one another to achieve higher coordination 

numberss dian expected. The crystal structure of lc (Figure 3, Table 2) shows mat die higher 

degreee of substitution at nitrogen compared to oxygen introduces steric hindrance close to die 

phosphoruss atom. 
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Tablee 2. Selected Bond Distances (A) and Bond Angles (deg) for  lc 

Bondd Distances 

P-N(l) ) 

P-N(3) ) 

P-0(3) ) 

0(3)-C(41) ) 

1.709(3) ) 

1.720(3) ) 

1.6355 (2) 

1.398(5) ) 

N(l)-C(l ) ) 

N(l)-Cdl) ) 

N(3)-C(2) ) 

N(3)-C(31) ) 

1.3888 (4) 

1.450(4) ) 

1.3866 (4) 

1.4466 (4) 

Bondd Angles 

N(l)-P-N(3) ) 

N(l)-P-0(3) ) 

0(3)-P-N(3) ) 

95.77 (1) 

105.6(1) ) 

104.33 (1) 

FigureFigure 3. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level ofLigand lc 

Thee complexes ?rans-RhClCOL2 (3a - 3d) were prepared to determine the electron-

withdrawingg character of ligand la - Id. Table 3 shows selected IR, NMR and 

crystallographicc data of 3a - 3d. The crystal structures of 3c and 3d are given in Figure 4 and 

55 and the selected bond angles and distances are given in Table 4 and 5. Complex 3d has a 

typicall  square-planar geometry with cw-L-Rh-L' angles near 90 ° summing to 359 °. Complex 

3cc has a distorted square-planar geometry with a CM-P(l)-Rh-Cl angle of 85.5 (3) ° and cis-

P(2)-Rh-Cll  angle of 84.8 (3) °. The «s-P(l)-Rh-CO angles is 99.2 (1) °, and cw-P(2)-Rh-CO 

angless is 90.8 (1) °. The angle sum at phosphorus atoms P(l) (297.8 °) is much smaller than 

thee angle sums at P(2) (311.7 °) and at the phosphorus atom in the free ligand (305.6 °). In the 

crystall  structure, the phenoxy substituent has a different conformation for P(l) and P(2), 

therebyy influencing the angle sum at P(l) and P(2). In solution, free rotation around this bond 

wil ll  occur, and the resulting interchange between the two conformers leads to only one 

(averaged)) signal for the two phosphorus atoms in the phosphorus NMR spectrum. The 

Rh-P(l)) distance is in the same range as the Rh-P distances found in 3d and 

RhClCO(P(o-f-Bu-Ph)3)2.
277 The Rh-P(2) distance 
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iss longer than the Rh-P(l) distance. It seems that in the solid state the energetically most 

favouredd situation is to bent all substituents of P(2) away from the rhodium centre. The 

phosphoruss atom is positioned further away from the rhodium atom, thereby creating enough 

spacee for the substituents. The jRhp (NMR) coupling constants of 3c and 3d are in the same 

rangee as those of phosphite ligands, while the JRI,P coupling constants of 3a and 3b are 

smaller.27' ' 

Tablee 3. Selected IR, NMR and Crystal Structure Data of frans-RhCOClL 2 (L=la-ld ) 

Complex x 

7Va/!.s-RhClCO(PPh,)2
b b 

rrans-RhClCO(la)22 (3a) 

rra«s-RhClCO(lb):: (3b) 

Trans-RhClCO(P(o-f-Bu-Ph)3)2
c c 

Trans-KhClCO(P(OPhh)Trans-KhClCO(P(OPhh)22
bb--d d 

Trans-RhClCOQchTrans-RhClCOQch (3c) 

7Va/u-RhClCO(ld)22 (3d) 

Vco o 

(cm'1)' ' 

1978 8 

2004 4 

2010 0 

2013 3 

2016 6 

2021 1 

2025 5 

X X 

13 3 

--

--
28 8 

29 9 

--

--

^RhP P 

(Hz) ) 

129 9 

166 6 

156 6 

213 3 

217 7 

212 2 

209 9 

dRh-P P 

(A) ) 
2.3233 (6) 

--

--
2.28566 (7) 

--
2.26944 (9) P(l) 

2.30522 (8) P(2) 

2.279(1) ) 

aa measured in CH2C12, see reference 28,c see reference 26, A see reference 27 

FigureFigure 4. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level of 

trans-RhClCO(lc)trans-RhClCO(lc)22 (3c) 
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Tablee 4. Selected Bond Distances (A) and Bond Angles (deg) for  3c 

Bondd Distances 

Rh-C(7) ) 

Rh-P(l) ) 

Rh-P(2) ) 

Rh-Cl l 

P(l)-NÜ) ) 

P(l)-N(3) ) 

P(l)-0(3) ) 

P(2)-N(4) ) 

P(2)-N(6) ) 

C(7)-CX9) ) 

P(2HX5) ) 

1.820(5) ) 

2.30522 (8) 

2.26944 (9) 

2.35722 (9) 

1.688(3) ) 

1.689(3) ) 

1.596(2) ) 

1.693(3) ) 

1.685(4) ) 

1.136(6) ) 

1.604(3) ) 

Bondd Angles 

P(l)-Rh-Cl l 

P{l)-Rh-C(7) ) 

P(l)-Rh-P(2) ) 

Q-Rh-C(7) ) 

P(2)-Rh-C(7) ) 

Rh-C(7)-0(7) ) 

N(6)-P(2)-0(6) ) 

P(1)-N(1)-C{1) ) 

P(l)-N(l)-C(ll ) ) 

P(l)-N(3)-C(31) ) 

P(l)-N(3)-C(2) ) 

C(3)-N(4)-C(51) ) 

85.499 (3) 

99.2(1) ) 

169.19(3) ) 

174.4(2) ) 

90.8(1) ) 

175.33 (4) 

106.6(1) ) 

126.99 (3) 

115.99 (2) 

115.99 (2) 

125.33 (3) 

115.2(3) ) 

N(l)-P(l)-0(3) ) 

N(l)-Pü)-N(3) ) 

N(3)-P(1)-CK3) ) 

N(4)-P(2)-0(6) ) 

N(4)-P(2)-N(6) ) 

P(2)-N(6)-C(4) ) 

P(2)-N(6)-C(71) ) 

P(2)-N(4)-C(51) ) 

P(2)-N(4)-C(3) ) 

C(l)-N(l)-C(ll ) ) 

C(2)-N(3)-C(31) ) 

C(4)-N(6)-C(71) ) 

100.2(1) ) 

97.44 (2) 

100.2(1) ) 

106.44 (2) 

98.7(1) ) 

129.55 (3) 

116.1(2) ) 

116.00 (2) 

128.6(3) ) 

116.77 (3) 

116.99 (3) 

114.1(3) ) 

Tablee 5. Selected Bond Distances (A) and Bond Angles (deg) for  3d 

Bondd Distances 

Rh-C(7) ) 

Rh-P(l) ) 

Rh-P(2) ) 

Rh-Cl l 

P(l)-N(l ) ) 

P(l)-N(3) ) 

P(l)-0(3) ) 

P(2>N<4) ) 

P(2)-N(6) ) 

C(7)-CK9) ) 

P(2)-0(5) ) 

1.8200 (5) 

2.30522 (8) 

2.26944 (9) 

2.35722 (9) 

1.6888 (3) 

1.6899 (3) 

1.5966 (2) 

1.6933 (3) 

1.6855 (4) 

1.136(6) ) 

1.604(3) ) 

Bondd Angles 

P(l)-Rh-Cl l 

P(l)-Rh-C(7) ) 

P(l)-Rh-P(2) ) 

Cl-Rh-C(7) ) 

P(2)-Rh-C(7) ) 

Rh-C(7)-0(7) ) 

N(6)-P(2)-0(6) ) 

P(l)-N(l)-C(l ) ) 

P(l)-N(l)-C(ll ) ) 

P(l)-N(3)-C(31) ) 

P(l)-N(3)-C(2) ) 

C(3)-N(4)-C(51) ) 

85.499 (3) 

99.2(1) ) 

169.199 (3) 

174.44 (2) 

90.8(1) ) 

175.33 (4) 

106.6(1) ) 

126.9(3) ) 

115.9(2) ) 

115.9(2) ) 

125.33 (3) 

115.2(3) ) 

N(l)-P(l)-0(3) ) 

N(l)-P(l)-N(3) ) 

N(3)-P(l)-0(3) ) 

N(4)-P(2)-0(6) ) 

N(4)-P(2)-N(6) ) 

P(2)-N(6)-C(4) ) 

P(2)-N(6)-C(71) ) 

P(2)-N(4)-C(51) ) 

P(2)-N(4)-C(3) ) 

C(l)-N(l)-C(ll ) ) 

C(2)-N(3)-C(31) ) 

C(4)-N(6)-C(71) ) 

100.2(1) ) 

97.44 (2) 

100.2(1) ) 

106.44 (2) 

98.77 (1) 

129.5(3) ) 

116.1(2) ) 

116.00 (2) 

128.6(3) ) 

116.7(3) ) 

116.9(3) ) 

114.1(3) ) 

Comparisonn of the IR frequencies of the carbonyl ligands of complexes 3a - 3d and 

/ra/w-RhClCO(PPh3)2.. /ra/u-RhClCO(P(OPh)3)2 and mvw-RhClCO(P(0-f-Bu-Ph)3)2 gives 

insightt into the ft-acidity of the ligands.27, 29 The ligands la - Id are stronger 7t-acids than 

triphenylphosphine.. The carbonyl frequencies of 3a - 3d indicate mat la and l b are more 

basicc than triphenyl phosphite and tris(orf/ïö-f-butylphenyl) phosphite, whereas l c and Id are 

betterr n-acids. Thus, the conclusion seems to be justified that the phosphorus diamide Ugands 

derivedd from biuret are electronically similar to phosphite ligands, while the biuret group by 

itselff  is a 
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betterr electron acceptor compared to two phenoxy groups. We expected the carbonyl 

frequenciess of complexes 3a and 3c to be higher than the carbonyl frequencies of complexes 

3bb and 3d respectively, based on the electron-withdrawing character of the phenyl substituents 

onn the nitrogen atoms compared to the ethyl substituents. Probably the distortion in the 

complexx has a larger influence on the carbonyl frequency of the carbonyl ligand than the 

influencee of the electron-donating capacity of the substituents on the nitrogen atoms. 

011 C4 

FigureFigure 5. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level of trans-

RhClCO(ld)RhClCO(ld)22 (3d) 

FigureFigure 6. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level of Ligand 2a 
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Tablee 6. Selected Bond Distances (A) and Bond Angles (deg) for  2a 

Bondd Distances 

P(D-N(1) ) 

P(D-N(3) ) 

P(D-0(3) ) 

N(l)-C(ll ) ) 

N(l)-C(l ) ) 

N(3)-C(31) ) 

N(3)-C(2) ) 

0(3)-C(41) ) 

P(2)-N(4) ) 

P(2)-N(6) ) 

P(2)-0(6) ) 

N(4)-C(71) ) 

1.710(3) ) 

1.7011 (3) 

1.640(4) ) 

1.4533 (5) 

1.393(6) ) 

1.458(4) ) 

1.400(6) ) 

1.3944 (5) 

1.7033 (4) 

1.698(4) ) 

1.6477 (3) 

1.459(6) ) 

N(4>C(6) ) 

N(5)-C(61) ) 

N(5)-C(3) ) 

0(6)-C(81) ) 

1.3933 (5) 

1.446(5) ) 

1.384(7) ) 

1.3988 (5) 

Bondd Angles 

N(1)-P(1)-CK3) ) 

N(l)-P(l)-N(3) ) 

N(3)-P(l)-0(3) ) 

P(2)-0(6)-C(81) ) 

C(81)-C(86)-C(46) ) 

C(85)-C(86)-C(46) ) 

C(86)-C(46)-C(45) ) 

C(41)-C(46)-C(86) ) 

N(4)-P(2)-0(6) ) 

N(4)-P(2)-N(6) ) 

N(6)-P(2)-0(6) ) 

P(l)-0(3)-C(41) ) 

96.44 (2) 

99.99 (2) 

98.33 (2) 

124.11 (2) 

121.5(3) ) 

121.6(3) ) 

121.0(4) ) 

121.1(3) ) 

96.22 (2) 

96.99 (2) 

99.66 (2) 

124.9(3) ) 

Thee bite angle is an important steric property for bidentate ligands. Previous 

research30'311 showed that the backbones chosen for ligands 2a - 2f seem to induce optimal bite 

angless for selective catalysis in the hydroformylation reaction. The bidentate ligands (2a - 2f) 

aree based on the same phosphorus diamide structures as the monodentate ligands. The crystal 

structuree of ligand 2a (Figure 6, Table 6) shows that steric hindrance at the phosphorus atoms 

increasess by the phenyl subsütuents on the nitrogen atoms. The huge steric bulk might even 

leadd to monodentate behaviour of 2a. Ligands 2c and 2d have very flexible backbones. The 

bidentatee coordination mode creates steric hindrance close to both phosphorus atoms and the 

metall  centre. The electron-withdrawing character of ligands 2a and 2b wil l be in the same 

rangee as that of ligands lc and Id because of the similarity of the subsütuents on the 

phosphoruss atom. Ligands 2a and 2b will be more 7i-acidic relative to 2c and 2d because of 

thee more electron-withdrawing character of the aryl backbone compared to the alkyl 

backbone.. The electronic character of ligands 2e and 2f will be comparable to that of la and 

lb . . 

2.1.22 Catalyst Characterisation Studies 

Thee hydride formation under hydroformylation conditions was monitored using high 

pressuree (HP) NMR and HP IR spectroscopy in order to investigate the structures of these 

complexes.. The hydride formation was studied using Rh(acac)(CO)2 in the presence of 

variouss concentrations of ligand under 20 bar of CO/H2 (1/1). Ligand la and lb gave 

completee conversion of Rh(acacXCO)2 to HRhL^CO)̂  (x = 1, 2) within one hour at 80 °C. 
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Thee hydride formation with ligand lc and Id is very fast, as complete conversion of 

Rh(acac)(CO)22 to HRhL^CO)̂  was reached within one hour at 40 °C. 

Tablee 7. NMR and IR Data HRhL^CO)^ ) (x = 1,2,3) Complexes (L  = la - Id) 

Compound d 

HRhla(CO)., , 

HRh(la):(CO); ; 

HRhlb(CO)3 3 

HRh(lb)2<CO)2 2 

HRh(lb)3COO (4) 

HRhlc(CO)3 3 

HRh(lc)2(CO)2 2 

HRhld(CO)3 3 

HRh(ld)2(CO)2 2 

8(3IP)) (ppm)a 

110 0 

114 4 

104 4 

110 0 

117 7 

nott observed 

126 6 

116 6 

118 8 

jRhp(Hz) ) 

186 6 

196 6 

177 7 

181 1 

169 9 

--
221 1 

220 0 

224 4 

SC'H)) (ppm)a 

-10.6(d,JpH=6Hz) ) 

-11.4(t,JpH=12Hz) ) 

-10.3(d,JpH=15Hz) ) 

-10.66 (s, broad) 

-10.77 (s, broad) 

nott observed 

-10.66 (s, broad) 

nott observed 

-10.55 (s, broad) 

vCo(cm1)b b 

2094,, 2047, 2017 

2079,, 2023 

2095,, 2045 , 2008 

2070,, 2018 

2019 9 

2096,, 2047, 2020 

2071,2003 3 

2098,, 2043, 2014 

2076,2020 0 

measuredd in toluene-dg, b complexes with L=la, l c measured in 2-methyl tetrahydrofuran, complexes with 

L=lb ,, I d measured in cyclohexane 

Thee spectroscopic data of the hydride complexes HRhL^CO)̂  (x= 1,2,3) with 

ligandss l a - Id are presented in Table 7. In all cases a mixture of HRhL(CO)3 and 

HRhL2(CO)22 was observed. The ratio between HRhL2(CO)2 and HRhL(CO)3 is dependent as 

welll  on the ligand concentrations as on the steric and electronic ligand properties. Lowering of 

thee ligand and rhodium concentrations resulted in a decreasing amount of HRhL2(CO)2. The 

amountt of HRhL2(CO)2 measured at the same ligand concentrations decreased in the order 

Idd > l c> l b > la. Rhodium complexes of the form HRhL^CO)̂  (x= 1,2,3) generally have a 

(distorted)) trigonal-bipyramidal structure. Crystal structure analyses of transition-metal 

hydridess have shown that the hydride ligand coordinates at an apical position of the 

bipyramid.322 The phosphorus atoms can coordinate either at the equatorial positions or at the 

remainingg apical position. For transition-metal hydrides the absolute phosphorus-hydride 

(NMR)) coupling constant is substantially larger for complexes having die HRhP angle 

approachingg 180 ° than the one for angles ~ 90 °.33 Small cis JHP values between 1-30 Hz are 

reportedd for hydride carbonyl complexes with bis equatorially coordinating diphosphine16 and 

diphosphitee ligands.8 Larger phosphorus-hydride coupling constants in the range of 110 -

2000 Hz are reported for apically coordinated phosphorus ligands. ' M HRhla(CO)3 and 

HRhlb(CO)33 have phosphorus-hydride coupling constants of 6 Hz and 15 Hz, respectively. 

Thiss indicates that the phosphorus ligands coordinate in the equatorial plane of a slightly 

36 6 



Rhodiumm Complexes based on Phosphorus Diamide Ligands 

distortedd trigonal bipyramid. The (IR) carbonyl frequencies of the complexes HRhL(CO)3 (L 

== la - Id) are almost equal to the frequencies found for this type of complexes formed using 

bulkyy phosphites.'8 

Thee hydride complexes HRhL2<CO)2 (L = la - Id) have JPH coupling constants of 

approximatelyy 3 - 12 Hz, which is relatively large for a pure cis coordination. Two 

explanationss can be brought forward. An equilibrium mixture of ee - ea coordination giving 

averagedd signals in die NMR spectra, provided that there is a fast exchange of the phosphorus 

ligandss between equatorial and apical positions.35 Second, coordination of both phosphorus 

atomss in the equatorial plane of a slightly distorted trigonal bipyramid would lead to the same 

couplingg constant. If an equilibrium between two isomers occurs, two sets of carbonyl 

frequenciess are observed in me infra red spectra originating from the two isomers because of 

thee faster time scale of this technique.16 In general, die carbonyl bands of the ea isomer 

HRhL2(CO)22 are found at lower wavenumbers than those of me ee isomer. The infrared 

spectraa showed mat the hydride complexes HRhL^COh (L= la - Id) are present as only one 

isomer.. The carbonyl frequencies indicate an ee coordination in a distorted trigonal 

bipyramidall  structure, as confirmed by published carbonyl frequencies for bulky bidentate 

phosphitee ligands.31' M HRh(la)2(CO)2 was observed as die main complex in the high-

pressuree NMR experiments ([Rh] = 13 mM, [la] = 0.13 M). This is very surprising in view of 

thee large, estimated cone angle (9 = 189 °). We merefor assume dial the bulky moieties of the 

ligandss are meshing or easily bent away. 

Thee stability of the hydride complexes containing L = la and l b under 1 bar CO/H2 was 

investigatedd by NMR spectroscopy in die presence of an excess of ligand (Rh/L = 1/10). The 

pressuree was released from the high-pressure NMR tube after the spectrum was recorded. The 

solutionn was transferred to a 5 mm NMR tube and measured again. We could see that the 

stabilityy of the hydride complexes HRhLxCCO)̂  depends on me ligand and the number of 

phosphoruss ligands coordinated. HRhL(CO)3 (L = la, lb) was never observed at atmospheric 

pressuree in the presence of an excess of ligand. In this case a phosphorus ligand replaces a 

carbonyll  ligand to form HRhLsCCOh. HRh(la)2(CO)2 is not stable for a longer period of time 

inn the absence of CO/H2 pressure, and the complex was observed in low concentrations only. 

Thee major part of die rhodium complex disproportionates, forming rhodium carbonyl clusters. 

HRh(lb)2(CO)22 was formed quantitatively from the mixture of lb, HRh(lb)2(CO)2 and 

HRh(lb)(CO)33 when the same procedure was followed as for ligand la. This complex is 

relativelyy stable in the absence of CO/H2 pressure but converts slowly to HRh(lb)3CO (4), 
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whichh was analysed by crystal structure determination. The structure of complex 4 (Figure 7, 

Tablee 8) reveals a slightly distorted trigonal bipyramidal geometry, the three phosphorus 

ligandss occupying equatorial positions. The structure has a crystallographic threefold axis 

alongg the Rh-CO bond. The rhodium atom is located slightly under the equatorial plane 

definedd by the phosphorus atoms, displaced towards the carbonyl ligand. The hydrogen atom 

couldd not be located in the crystal structure, but 'H NMR spectroscopy indicates that the 

hydridee occupies die apical position of the trigonal bipyramid. 

FigureFigure 7. Displacement Ellipsoid Plot, Plotted at 50 % Probability Level ofHRh(lb)3CO (4) 

Tablee 8. Selected Bond Distances (A) and Bond Angles (deg) for  4 

Bondd Distances 

Rh-C(15) ) 

C(15)-0(3) ) 

Rh-P(l) ) 

Pd)-N(l) ) 

P(l)-C(9) ) 

P(l)-N(3) ) 

1.9077 (6) 

1.1411 (9) 

2.28722 (9) 

1.7211 (3) 

1.827(4) ) 

1.718(4) ) 

Bondd Angles 

P(l)-Rh-P(l)' ' 

C(15)-Rh-H H 

Rh-Pd)-N(l) ) 

Rh-P(l)-N(3) ) 

Rh-P(l)-C(9) ) 

P(l)-Rh-C(15) ) 

119.13(10) ) 

180.0 0 

121.90(12) ) 

115.20(12) ) 

120.022 (13) 

95.388 (3) 

N(3)-P(l)-C(9) ) 

N(l)-P(l)-N(3) ) 

C(9)-P(l)-N(l) ) 

101.06(17) ) 

95.10(15) ) 

98.92(16) ) 
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Thee hydride complexes HRh(lc)x(CO)4.x and HRh(ld)x(CO)4.x (x = 1, 2) decomposed 

whenn the temperature was raised to 80 °C. HRh(lc)x(CO)4.x converts within one hour 

completelyy to [RMCCOn] (vco = 2074 cm"1 (s), 2068 cm"1 (s), 2043 cm"1 (m), 1885 cm"1 (m), 

withh 2-methyltetrahydrofuran as solvent)36 and this rhodium carbonyl cluster decomposes 

subsequentlyy to form [Rh5(CO)16] at 80 °C (vco = 2074 cm"1 (s), 1820 cm"1 (s), with 

2-methyltetrahydrofurann as solvent).36 The hydride complexes of Id disproportionate to form 

aa new hydride complex. We studied the decomposition of HRh(ld)x(CO)4.x using HP NMR 

andd HP IR spectroscopy. The phosphorus resonances in the 31P NMR spectrum belonging to 

thee hydride complexes HRh(ld)x(CO)4-x disappear when the solution is heated to 80 °C and a 

neww multiplet appears at 8 = 262 ppm. Additionally, a double triplet appears in the hydride 

regionn of the :H NMR spectrum (5 = -10.7 ppm, JPH= 18 Hz, jRhH= 14 Hz in toluene-af8). The 

H-- P COSY NMR spectrum shows only one correlation between this hydride signal and the 

phosphoruss signal at 262 ppm. The hydride resonance became a triplet when we decoupled the 

phosphoruss resonance selectively at 262 ppm. This indicates that we are dealing with a 

dimericc rhodium complex in which, surprisingly, one phosphorus atom is coordinated to two 

rhodiumm atoms. The low-field resonance of the phosphorus atom is strongly indicative of a 

phosphidoo group that bridges a metal-metal bond.37'38 

Thee IR spectrum of the complex shows two carbonyl bands at 2041 cm'1 (m), 

20033 cm" (m) indicating terminal positions. No bridging carbonyl bands were observed. The 

structuree consistent with all data is depicted in Figure 8. The formation of phosphido type 

complexess is not uncommon in these systems.39 Attempts to isolate this complex were not 

successful. . 

( ( 
NY

oc :Rh ^ Rhc co o 
occ y ĉo 

FigureFigure 8. Proposed Decomposition Product of HRh(ld)J,CO)4.x 

Thee hydride formation for the bidentate ligands 2a - 2f was studied using 

Rh(acac)(CO)22 in the presence of two equivalents (HP NMR) or five equivalents (HP IR) of 

ligandd under 20 bar of CO/H2 (1/1). Ligands 2a - 2d and 2f gave complete conversion of 
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Rh(acacXCO)22 to HRhLnL(CO)2 within one hour at 80 °C. In contrast to the complexes of 

thee monodentate ligands, decomposition was neither observed for the hydride complexes nor 

thee ligands. Ligand 2e did not coordinate to rhodium at all. [Rh6(CO)i6] is formed when a 

mixturee of Rh(acac)(CO>2 and 2e under CO/H2 is heated for one hour at 80 °C. Probably, the 

ligandd is too bulky to coordinate to the rhodium atom and Rh(acac)(CO>2 is converted into the 

rhodiumm carbonyl cluster. 

Tablee 9. NMR and IR Data of HRhL(CO)2 (L  = 2a-2d, 2f) 

Confound d 

HRh2a(CO)2 2 

HRh2b(CO)2 2 

HRh2c(CO)2 2 

HRh2d(CO)2 2 

HRh2f(CO)2 2 

6{ JiP)a(ppm) ) 

140c c 

143c c 

141 1 

145 5 

147 7 

145 5 

96 6 

JRM>(H2) ) 

244 4 

251 1 

218 8 

225 5 

226 6 

221 1 

185 5 

JPP(HZ) ) 

211 1 

190 0 

6(1H)) (ppm) 

-12.0(t,JpH=12Hz)c c 

-11.11 (s, broad) 

-11.77 (s, broad) 

-10.66 (s, broad) 

-10.. 2 (dt, JPH=17 Hz, 1,^=2 Hz) 

vco(cm,)b b 

2085,, 2041 

2070,, 2019 

2086,2031 1 

2067,, 2017 

2057,2004 4 

aa measured in Toluene-^g, b complexes with L = 2a, 2c measured in 2-methyl tetrahydrofuran, complexes with 

LL = 2b, 2d, 2f measured in cyclohexane,c measured in CD2C12 

Thee spectroscopic data of the hydride complexes HRhLnL(CO)2 formed with ligand 

2aa - 2d, 2f are presented in Table 9. The bidentate ligands form one single rhodium-hydride 

complex,, independent of the ligand concentration. The JRM> coupling constants of the 

complexess HRhL(CO)2 formed with L = 2a - 2d are all in the same ranges as the jRhP coupling 

constantss found for the monodentate ligands lc and Id, which indicates mat the electronic 

characterr of these ligands is indeed comparable. The JRI,P coupling constant of HRh2f(CO)2 is 

inn the same range as the JRhP coupling constants found for die monodentate ligands l a and lb. 

Thee hydride resonances of me complexes formed with 2b - 2d are broad singlets (W1/2 ~ 

100 Hz). This indicates that bom jRm and JPH coupling constants are small (< 3 Hz). The small 

JPHH coupling constants are indicative of an ee coordination mode. The hydride resonance of 

HRh2f(CO)22 is a double triplet (jRhH = 2 Hz, JPH =17 Hz). The JPH coupling constant indicates 

eee coordination in a distorted trigonal bipyramid. 

Evenn though ligand 2a is very bulky, me ligand coordinates in a bidentate fashion. 

Thee two phosphorus atoms in HRh2a(CO)2 are magnetically inequivalent and show a strongly 

coupledd NMR spectrum. The small JRMI (<3 Hz) and the JPH coupling constant of 12 Hz in 
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HRh2a(CO>22 are in agreement with of an ee coordination mode in a slightly distorted trigonal 

bipyramidall  structure. The distortion in the complex is probably a result of the bulkiness of 

thee ligand. In HRh2c(CO)2 the phosphorus atoms lose their time-averaged equivalence on 

coolingg from 80 °C to room temperature. At -25 °C the slow exchange region is reached, 

resultingg in a coupled NMR spectrum. The JPH and JRJ,H coupling constants remain small. 

Inn the ER spectra only two carbonyl bands are observed. The position of the carbonyl 

bandss of die complexes containing ligands 2b, 2d and 2f evidence an ee coordination mode of 

thee bidentate ligands in a distorted trigonal bipyramid, in accordance witii previous 

results.14,, l6 The carbonyl frequencies of HRh(2a)(CO)2 and HRh(2c)(CO)2, however, shift to 

higherr wavenumbers compared to those of hydride complexes containing 2b, 2d and 2f, and 

diee frequencies of the hydride complexes of the monodentate ligands. The crystal structure of 

2aa (Figure 6) shows huge steric hindrance close to the phosphorus atoms due to die phenyl 

substituentss on die nitrogen atoms. Coordination of die bidentate ligands 2a and 2c to a metal 

centree wil l increase this steric strain and distort die geometry of die trigonal bipyramid. This 

distortionn does not seem to affect die phosphorus-hydride coupling constant. The distorted 

geometryy may explain die difference in carbonyl frequencies of the hydride complexes of 2a 

andd 2c and die hydride complexes containing 2b, 2d and 2f. 

2.233 Hydroformylation of 1-Octene 

Thee ligands l a - Id were used in die rhodium-catalysed hydroformylation of 1-octene. 

Thee catalysts were prepared in situ from Rh(acac)(CO)2, die ligand, CO and H2 at 80 °C. In 

diee previous section we have shown diat two rhodium hydride complexes are formed, 

HRhL(CO)33 and HRhL2(CO)2, depending on die ligand properties and die ligand and rhodium 

concentrations.. The ligand and rhodium concentrations used in catalysis are much lower tiian 

diee concentrations used in die spectroscopic experiments. Therefore, die proportion of 

HRhL(CO)33 in die reaction mixture used in catalysis is assumed to be significandy higher tiian 

matt in die spectroscopic experiments. 

Thee results of die hydroformylation reaction of 1-octene obtained using L - l a - Id 

aree presented in Table 10. The very high activity of die catalysts formed is in die range of die 

activityy of die bulky phosphite ligands studied by van Leeuwen et al..40 They could show diat 

diee activity of mese bulky phosphite systems increases with die electron-withdrawing character 

off  die ligand. In die case of l a - Id, die activity is determined predominantly by die type of 

complexx ratiier tiian die ligand properties. A quantitative comparison of die selectivities and 
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activitiess of the catalysts formed having the monodentate ligands is difficult because two 

rhodiumm complexes (HRhL(CO)3 and HRhL2(CO)2) are present in each system and the ratio 

betweenn these two complexes is not equal in the four systems. An effect of the decreasing 

bulkinesss of the ligands on the selectivity in the hydroformylation reaction is not observed. A 

rhodiumm complex of composition HRhL2<CO)2 is more selective than a complex with the 

structuree HRhL(CO)3. All catalyst mixtures tested show approximately the same selectivity, 

becausee the amount of HRhL2(CO>2 increases with decreasing bulkiness of the ligand. 

Tablee 10. Hydroformylatio n Results of 1-Octene with L = la - Id* 

L L 

l a a 

l b b 

l c c 

I d d 

L/Rh h 

50 0 

50 0 

100 0 

100 0 

Conversionn (%) 

30 0 

33 3 

34 4 

32 2 

Vb Vb 

2.6 6 

2.3 3 

2.3 3 

2.2 2 

TOF* * 

24500 0 

10300 0 

7700b b 

4920c c 

Linearr  (%) 

60 0 

61 1 

56 6 

61 1 

2-octeness (%) 

17 7 

12 2 

19 9 

11 1 
aa Conditions: T = 80 °C, pco = Ac=10 bar, [Rh] = 0.2 mM, [1-octene] = 0.64 M in toluene, b (mol aldehyde)(mol 

Rh*h)'cc presuming that all rhodium added is active as a hydroformylation catalyst, 

ligandss lc and Id were tested under the same conditions as la and lb, although we 

observedd decomposition of the hydride complexes of the former ligands/complexes during the 

spectroscopicc experiments. Variation of the ligand concentrations (Rh/P = 1/50, 1/100, 1/200) 

showedd that the best results were obtained (activity versus selectivity and isomerisation) for 

Rh/LL = 1/100. Probably, the lower rhodium and higher ligand concentrations used in the 

catalysiss experiments compared to the spectroscopic experiments decrease the decomposition 

ratee of the catalyst. 

Wee were aiming at a catalyst system with improved activity compared to a catalyst 

systemm based on monodentate phosphine ligands and improved selectivity compared to 

catalystt systems based on monodentate phosphite ligands. The present monodentate ligands 

formm a significant amount of HRhL(CO)3, which unfortunately still gives low linear-to-

branchedd ratios, albeit at high rates. In order to obtain higher selectivities, we turned to 

bidentatee ligands. 

Thee bidentate ligands (2a - 2d, 2f) are more electron-withdrawing than phosphines 

andd introduce more steric hindrance close to the rhodium centre than phosphites. The 

spectroscopicc experiments described in the previous section showed that these ligands form 

stable,, well-defined rhodium complexes having the structure HRhLnL(CO)2. The results 

obtainedd in the hydroformylation reaction using these bidentate ligands are presented in Table 
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11.. Ligand 2e was not used in the hydroformylation reaction, because no hydride complex is 

formedd under hydroformylation conditions. The systems are less active than the catalyst 

systemss derived from the monodentate ligands (la - Id), because the rhodium centre is more 

electron-richh when two phosphorus ligands are attached to it. The selectivity is improved 

comparedd to monodentate ligand systems. The difference in activity and selectivity of the 

variouss bidentate ligands is less straightforward. The selectivities of the catalysts formed from 

ligandd 2a and 2c are lower than expected, in view of the phenyl substituents at the nitrogen 

atoms.. The ratio of 2-octene is high compared to other ligands in this work. In the HP NMR 

andd HP IR experiments we saw that complete conversion to a hydride complex is reached, 

althoughh the carbonyl frequencies of the hydride complexes formed with 2a and 2c are found 

att slightly higher wavenumbers than the wavenumbers observed for the hydride complexes 

usingg 2b, 2d and 2f. This led us to conclude mat the compounds assume a distorted trigonal 

bipyramidall  structure. We now tentatively propose that coordination of carbon monoxide after 

thee hydride migration is relatively slow in the distorted complexes (LnL is a bidentate 

ligand),, thus giving a high preference for ^-hydride elimination c.q. isomerisation.30 

Tablee 11. Hydroformylation Results of 1-Octene with L = 2a - 2d, 2f and 5a - 5ca 

L L 

2a a 

2b b 

2c c 

2d d 

2f f 

5ad d 

5bd d 

5ce e 

URh h 

100 0 

100 0 

10 0 

10 0 

5 5 

16 6 

2.5 5 

5 5 

Conversionn (%) 

26 6 

29 9 

30 0 

32 2 

26 6 

21 1 

27 7 

30 0 

Vb Vb 

3.9 9 

6.8 8 

3.1 1 

2.2 2 

10.4 4 

1.2 2 

2.2 2 

49 9 

TOF* * 

431 1 

780 0 

1600 0 

7950 0 

381 1 

520 0 

1550 0 

250 0 

Linearr  {%) 

51 1 

83 3 

59 9 

64 4 

86 6 

48 8 

55 5 

94 4 

2-octeness (%) 

36 6 

4 4 

22 2 

7 7 

5 5 

13 3 

20 0 

4 4 
aa Conditions: T = 80 °C, pco= PH2= 10 bar, [Rh] = 0.2 mM, [1-octene] = 0.64 M in toluene," (mol 

aldehyde)(moll  Rh)V\ c [Rh] = 2 mM, d [Rh] = 0.4 mM, [1-octene] = 1 M (see reference 31), * [Rh] = 1 mM, [1-

octene]]  = 0.64 M (see reference 30) 

Whenn we compare the hydroformylation results obtained using 2b, 2d and 2f with 

respectt to the selectivity for the linear aldehyde, we see that both the backbone and the 

substituentss on the phosphorus atoms determine the selectivity of the reaction. Comparison of 

thee results of 2b and 2d with those of phosphite ligands derived from the same backbones (5a, 

5b,, Figure 9)31 shows that the selectivity for die linear aldehyde is improved by the 
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introductionn of the nitrogen substituents without any decrease in activity. The backbone used 

forr ligand 2f has proven to form very selective hydroformylation catalysts30 for phosphorus 

substituentss of the type PAr: (5c, Figure 9). Also for these novel phosphorus diamide ligands 

thee xanthene backbone provided the most selective ligand, but aryl substituents on the 

phosphoruss atom give far higher linear-to-branched ratios (65). 

f-Buu <-Bu 

5aa 5b 5c 

FigureFigure 9. Ligand Structures of 5a - 5c 

2.33 Conclusions 

Thee introduction of nitrogen substituents on the phosphorus atom leads to very bulky 

n-acidicc ligands, thereby combining the good properties of phosphine and phosphite ligands 

withh respect to the hydroformylation reaction of terminal alkenes. The monodentate ligands 

formm a significant proportion of HRhL(CO)3. These complexes are very active in the 

hydroformylationn reaction, although the linear-to-branched ratio is low. The bidentate ligands 

formm catalysts with the structure HRhLnL(CO)2, which are active and selective 

hydroformylationn catalysts. The combination of ideal elements (backbone -thus bite angle-, 

stericc bulk and 7t-acidity) does not lead to a superior catalyst compared to catalysts containing 

PAr22 and P(OAr)2 substituents. It seems that the aryl substituents in PAr2 and P(OAr>2 play a 

veryy specific role in determining the shape of a selective catalytic site. 

2.44 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 
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micronn obtained from Acros Organics. The NMR spectra were recorded on a Bruker 

AMX-3000 spectrometer (*H, 3IP, l3C), the high-pressure NMR spectra were recorded on a 

Brukerr DRX-300 spectrometer. Chemical shifts are given in ppm referenced to TMS or H3PO4 

(external).. (High-pressure) IR spectra were recorded on a Nicolet 510 FT-IR spectrometer. 

Hydroformylationn experiments were performed in a stainless steel autoclave 

(1966 mL). The autoclave is mechanically stirred and equipped with a reservoir, a pressure 

transducer,, a thermocouple and a sampling device. In a typical experiment the autoclave was 

flushedd 4 times with 4 bar of syngas. Rh(acacXCO)2 and the ligand were dissolved in 15 mL 

off  toluene, this solution was brought into die autoclave. After flushing 4 times with 4 bar of 

CO/H22 (1/1), the autoclave was put under a pressure of 15 bar. The autoclave was heated at 

800 °C After 1 hour the substrate solution (2 mL of alkene, 2 mL of toluene and 1 mL of 

decane)) was charged into the reservoir and added to the reaction mixture by overpressure. The 

initiall  pressure of the experiment was 20 bar. 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(C«-n-Bu)3, to form a hydroformylation inactive rhodium species. The 

sampless were analysed by GC using decane as internal standard. 

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

tubee as described by Elsevier et aL.41 In a typical experiment 5 mg (0.019 mmol) 

Rh(acac)(CO)22 and 1, 2, 5 or 10 equivalents of ligand were dissolved in 1.5 mL of toluene-t/g. 

Forr ligand 2a CD2CI2 was used because of the poor solubility in toluene. The solution was 

broughtt into die argon-flushed tube. After closing, the tube was flushed 5 times wim 4 bar of 

syngass (CO/H2 =1/1) and put under a pressure of 20 bar. The tube was heated in the NMR 

machinee to 80 °C 

High-pressuree IR experiments were performed in an SS 316 50 mL autoclave 

equippedd with IRTRAN windows (ZnS, transparent up to 700 cm"1, 0=10 mm, optical path 

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

typicall  experiment 5 mg of Rh(acacXCO)2 and 5 or 20 equivalents of ligand were dissolved in 

155 mL of solvent under argon. The solution was brought to the CO/H2 (1/1) flushed autoclave 

andd after flushing, pressurising and heating of die mixture, the autoclave was placed in die 

infraredd spectrometer. The IR spectra were recorded while the samples were stirred. For the 

ligandss lb, Id, 2b, 2d and 2f cyclohexane was used as solvent during üiese measurements. 

Becausee of me low solubility of la, lc, 2a and 2c freshly distilled memyltetrahydrofuran was 

usedd for these ligands. 
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Triethyll  biuret was synthesised by the method describe by d'Silva et ah. " Because 

ethylisocyanatee is extremely toxic, special precautions were taken to prevent inhalation and 

contactt with the skin. Triphenylbiuret and ligand la were synthesised according to a literature 

procedure."55 Instead of 1 equivalent triethylamine an excess of triethylamine was used. An 

extraa purification step (filtration over silica, eluens CH2CI2) was performed to exclude the 

presencee of traces of triethylamine.HCl salt in the product. All chemicals were azeotropically 

driedd before using. AU frans-RhClCOÎ complexes were synthesised according to a literature 

procedure.""  The complex syntheses under pressure were performed in a magnetically stirred 

stainlesss steel autoclave with a volume of 6.5 mL, which was heated in an oil bath. 

N,N',N"-Triethylbiure tt  20 g (0.17 mol) of 1,3-diethylurea and 100 g (1.41 mol) of 

ethylisocyanatee were mixed together under argon. The suspension was heated to 50 °C. 

Duringg heating the diethylurea dissolved in the ethylisocyanate. The reaction mixture was 

stirredd for 2 days at 50 °C After this period the excess of ethylisocyanate was distilled off and 

carefullyy destroyed with alcoholic base. Traces of ethylisocyanate were removed by adding 3 

timess 100 mL of benzene to the reaction mixture and distilling it. The triethylbiuret was 

purifiedd by column chromatography on silicagel, eluens PE 40-60/ethylacetate=l/l (rf=0.4). 

Thee product was obtained as yellow oil: yield 23 g (72 %), *H NMR (CDCL3) 6 1.1 ppm (t, 

6H,, 3JHH=7 HZ, CH3CH2NH), 1.2 ppm (t, 3H, 3JHH=5 HZ, CHjCH2N(CO)2), 3.3 ppm (dq, 4H, 
3JHH=55 HZ, 3JHH=1 HZ CH3CH2NH), 3.7 ppm (q, 2H, 3JHH=7 HZ, CHsCH^COh), 13C NMR 

(CDCL3)) 14.1 ppm (s, CH3CH2N(CO)2), 15.1 ppm (s, CH3CH2NH), 35.6 ppm (s, 

CH3CH2NH),, 38.0 ppm (s, CH3CH2N(CO)2), 156.2 ppm (s, N(CO)2), IR (CH2C12) vco 1696 

cm'11 (vs), 1644 cm"1 (vs), VNH 1542 cm"1 (vs), 1509 cm'1 (vs), FAB/MS m/e 188, Anal. Calcd 

forr CgHi7N302: C, 51.32; H, 9.15. Found: C, 51.33; H, 9.39. 

13^-triethylbiuretphenylphosphonisdiamidee (lb) A solution of 1.9 g (11 mmol) PPhCl2 

inn 10 mL of toluene was added dropwise to a solution of 2.0 g (11 mmol) of N,N\N"-

triethylbiurett (1) in 40 mL of toluene and 5 mL of triethylamine (excess) at room temperature. 

Duringg addition triethylamine.HCl precipitated. When the addition was completed the mixture 

wass stirred overnight at 80 °C. Another 5 mL of triethylamine was added and the mixture was 

stirredd another 4 hours at 80 °C to complete the reaction. The mixture was cooled to room 

temperature,, the salts were filtered off and the toluene was evaporated under vacuum. The 

productt was purified by column chromatography on silicagel (PE40-60/ethylacetate= 4/1 
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(rf=0.5)).. Yield 1.86 g (58 %), mp 52 °C, JH NMR (C6D6) 8 1.0 ppm (t, 3H, 3JHH=7 Hz, 

CH3CH2N(CO)2),, 1.2 ppm (t, 6H, 3JHH=7 HZ , CHjCH2NP), 3.3 ppm (dq, 2H, 3JHH=7 HZ, 

3JPH=77 Hz, CH3CH2NP), 3.8 ppm (dq, 2H, 3JHH=7 HZ, 3JPH=7 HZ, CH3CH2NP), 4.0 ppm (q, 

2H,, 3JHH=7 HZ , CHaCH^CO^), 7.3-6.9 ppm (m, 5H, o,m,p-PhP), 31P{  'HJ NMR (C<-D6) 8 = 

63.44 ppm (s), 13C NMR (CDCL3) 5 13.3 ppm (s, CH3CH2N(CO)2), 15.3 ppm (d, 3JCP=5 HZ, 

CH3CH2NP),, 38.5 ppm (s, CH3CH2N(CO)2), 43.8 ppm (d, 2JCP=33 Hz, CH3CH2NP), 128.9 -

130.33 ppm (s, o,m,p-PMP\ 139.8 ppm (d, 1JCp=24 Hz, ipso-Ph), 154.7 ppm, (d, 2JCP=7 HZ, 

CO),, IR (CH2C12) Vco 1692 cm"1 (vs), 1658 cm"1 (vs), FD-MS, FD+=293, Anal. Calcd for 

Ci4H20N3O2P:: C, 57.33; H, 6.87; N 14.33. Found: C, 57.23; H, 6.93; N, 14.02. 

13^-tripfaenylbiuretphenoxyphosphorusdiamidee (lc) A solution of 1.03 g (11 mmol) 

phenoll  in 10 mL of THF was added to a solution of 2.77 g (11 mmol) of 

N,N',N"-triphenylbiurett phosphorus chloride in 50 mL of THF and 5 mL of triethylamine 

(excess)) at room temperature. Triethylamine.HCl precipitated directly. The reaction is 

completee after 1 hour stirring at room temperature and the salts are filtered off. The THF was 

removedd under vacuum. The product was filtered over neutral alumina to remove traces of 

triemylaminesaltss (eluens CH2C12, rf-l). Yield 3.15 g (98 %) of a white powder, mp 169 °C, 

'HH NMR (CDCL3) 8 7.6-7.0 ppm (m, o,m,^-Ph), 31P{1H}  NMR (CDCL3) 8 86.3 ppm (s), 
13CC NMR (CDCL3) 8 120.6 ppm (d, 3JCP=6 Hz, o-PhOP), 125.1ppm (s, />-PhOP), 128.5 ppm 

(s,, o-PhN(CO)2), 128.6 ppm (s, />-PhN(CO)2), 128.6 ppm (d, 3JCP=7 HZ p-PhNP), 129.0 ppm 

(d,, 2JCP=11 Hz o-PhNP), 129.7 ppm (s, m- PhN(CO)2), 130.5 ppm (s, m-PhOP), 136.5 (s, 

ipso-ipso- PhN(CO)2), 152.0 ppm (d, 2JCP=6 Hz, CO) 152.4 ppm (s, ipso-PhOP), IR (CH2C12) v c o 

== 1717 cm"1 (vs), 1681 cm"1 (vs), FAB/MS m/e 454, Anal. Calcd for C26H20N3O3P: C, 68.87; 

H,, 4.45; N, 9.27. Found: C, 68.71; H, 4.54; N, 9.11. 

Crystallisationn of the product from absolute ethanol gave colourless crystals suitable for crystal 

structuree determination. 

1^^,-triethyIbiuretphenoxyphosphorusdiamid ee (Id) A solution of 2.3 mL of (26.7 mmol) 

phosphoruss trichloride in 20 mL of toluene was added dropwise to a solution of 5 g 

(26.77 mmol) of N,N\N"-triethylbiuret in 80 mL of toluene and 20 mL of triethylamine 

(excess)) at room temperature. Triethylamine.HCl precipitated directly. The reaction was stirred 

overnightt at 80 °C. The mixture was cooled to room temperature, the precipitate was filtered off 

andd die toluene was evaporated under vacuum. The phosphorus chloride compound was 
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obtainedd as yellow oil and used directly without further purification. The purity of the 

compoundd was checked by NMR. A solution of 2.3 g (24 mmol) of phenol in 10 mL of THF 

wass added dropwise to a solution of 6.2 g (24 mmol) of N,N\N"-triethylbiuret phosphorus 

chloridee in 50 mL of THF and 5 mL of triethylamine (excess). The reaction mixture was 

stirredd at room temperature for 1 hour. The triemylamine salts were filtered off and the THF 

wass evaporated. The product was filtered over alumina to remove traces of triethylamine salts 

(eluenss CH2CI2). The product was obtained as a white powder after crystallisation from 

pentane.. Yield 5.3 g (65 %), mp 49 °C, *H NMR (CDCL3) 8 0.9 ppm (t, 3H, 3JHH=7 HZ, 

CH3CH2N(CO)2),, 1.3 ppm (t, 6H, 3JHH=7 HZ , CH3CH2NP), 3.6 ppm (m, 4H, CH3CH2NP and 

CH3CH2N(CO)2),, 3.9 ppm (m, 2H, CH3CH2NP), 6.8 ppm (d, 2H, 3JHH=8 HZ, o-PhOP), 

7.11 ppm (t, 1 H, 3JHH=7 HZ, p-PhOP), 7.3 ppm (t, 2 H, 3JHH=8 HZ, m-PhOP), 31P{!H}  NMR 

(CDCL3)) 5 87.4 ppm (s), 13C NMR (CDCL3) 8 13.3 ppm (s, CH3CH2N(CO)2), 15.3 ppm (s, 

CH3CH2NP)) 38.5 ppm (s, CH3CH2N(CO)2), 42.6 ppm (d, 2JCp=35 Hz, CH3CH2NP), 

121.00 ppm (d, 3JCP=35HZ, o-PhOP), 125.0 ppm (s, p-?hOP), 130.0 ppm (s, m-PhOP), 

151.00 ppm (d, 2JCP=6HZ, ipso-PhOP), 152.1 ppm (d, 2JCp=9 Hz, CO), IR (CH2C12) vCo 

16999 cm"1 (vs), 1656 cm1 (vs), FAB/MS m/e 310, Anal. Calcd for C14H2oN303P: C, 54.37; H, 

6.52;; N 13.59. Found: C, 54.60; H, 6.61; N, 13.47. 

2aa 2.2 g (12 mmol) 2,2'-hydroxy-l,r-biphenyl dissolved in 20 mL of toluene was added 

dropwisee to a solution of 2.4 g (6 mmol) of N,N',N"-triphenylbiuret phosphorus chloride and 

7.66 mL (60 mmol) triemylamine in 100 mL of toluene at room temperature. When the 

additionn was completed the mixture was stirred at 80 °C for 4 hours. The triethylamine salts 

weree filtered and the solvent was removed in vacuum. Purification by column chromatography 

onn silicagel (eluens PE(60-80)/EtOAc=7/3, rf=0.15) gave a white solid. Crystallisation of the 

productt from absolute ethanol gave colourless crystals suitable for crystal structure 

determination.. Yield 5.2 g (95 %), mp 284 °C (dec.), LH NMR (CDCL3) 8 6.9-7.4 ppm (m, 

o,m,p-Ph\o,m,p-Ph\ 31P{1H}  NMR (CDCL3) 8 91.0 ppm (s),13C NMR (CDCL3) 8 129.1 ppm, 

128.77 ppm, 127.8 ppm (s, o,m,p-Ph-N), 129.3 ppm (s, ipso-Ph-O-P), 132.4-118.1 ppm (s, 

o,m,p-Ph-0\o,m,p-Ph-0\ 136.2 ppm (s, ipso-Ph-N-P), 137.3 ppm (s, ipso-Ph-N-P), 137.5 ppm (s, ipso-Ph-

N-P),, 149.9 ppm (s, CO), 151.6 ppm (d, 2JCP=4 Hz, CO), IR (CH2C12) vco=1719 cm"1 (vs), 

16855 cm*1 (vs), FAB/MS m/e 905, Anal. Calcd for C52H38N6O6P2: C, 69.03; H, 4.20; N 9.29. 

Found:: C, 68.84; H, 4.36; N, 9.08. 
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2bb A solution of 2.0 mL of (23 mmol) phosphorus trichloride in 20 mL of toluene was added 

dropwisee to a solution of 4.2 g (23 mmol) of N,N\N"-triethylbiuret in 80 mL of toluene and 

200 mL of triethylamine (excess) at room temperature. Triethylamine.HCl precipitated directly. 

Thee reaction was stirred overnight at 80 °C. The mixture was cooled to room temperature, the 

precipitatee was filtered off and the toluene was evaporated under vacuum. The phosphorus 

chloridee compound was obtained as yellow oil and used directly without further purification. 

Thee purity of the compound was checked by NMR. A solution of 2.1 g (11 mmol) of 2,2'-

hydroxy-l,r-biphenyll  in 10 mL of THF was added dropwise to a solution of 5.6 g (22 mmol) 

off  N,N',N"-triethylbiuret phosphorus chloride in 50 mL of THF and 10 mL mL of triethylamine 

(excess).. The reaction mixture was stirred at room temperature for 1 hour. The triethylamine 

saltss were filtered off and the THF was evaporated. The product was purified by filtration over 

neutrall  alumina to remove phosphite impurities with toluene as eluens. The product is flushed 

fromm the column with PE(40-60)/EtOAc=l/l. The product was obtained as colourless oil that 

crystallisedd after a week: yield 4.9 g (73 %), mp 76 °C, *H NMR (CDCL3) 8 0.9 ppm (t, 6H, 
3JHH=77 Hz, CH3CH2N(CO)2), 11 ppm (t, 12H, 3JHH=7 HZ, CHjCH2NP), 2.9 ppm (m, 4H, 

CH3CH2N(CO)2),, 3.5 ppm (q, 8H, 3JHH=7 HZ, CH3CH2NP), 6.9 ppm (d, 2H, 3JHH=8 HZ, O-

Ph),, 7.2 ppm (m, 6H, m,p-Ph), 31P{]H}  NMR (CDCL3) 8 89.9 ppm (s), 13C NMR (CDCL3) 8 

== 13.4 ppm (s, CH3CH2N(CO)2), 15.1 ppm (s, CH3CH2NP), 39.4 ppm (s, CH3CH2N(CO)2), 

41.99 ppm (d, 2Jcp=35Hz, CH3CH2NP), 120.8-132.5 ppm (m,/>-Ph), 130.5 ppm (s, o-Ph), 

149.22 ppm (d, 2JCP=3 Hz, ipso-Ph), 151.9 ppm (d, 2JCP=8 Hz, CO), IR (CH2C12) Vco=1702 cm" 
11 (vs), 1660 cm"1 (vs), FAB/MS m/e 617, Anal. Calcd for C^H^NeO :̂ C, 54.54; H, 6.21; N, 

13.63.. Found: C, 54.80; H, 6.23; N, 13.31. 

2cc 0.5 g (4.6 mmol) 2,2'-dimethyl-l,3-propanediol dissolved in 10 mL of THF was added 

dropwisee to a solution of 3.6 g (9.2 mmol) of N,N',N"-triphenylbiuret phosphorus chloride 

andd 10 mL (excess) of triethylamine in 150 mL of toluene at room temperature. When the 

additionn was completed the mixture was stirred for one hour at room temperature. The 

triethylaminee salts were filtered and the solvent was concentrated to 20 mL. The product was 

filteredd and washed with 60 mL of diethylether. The product was dissolved in dichloromethane 

andd washed with water. After evaporation of the dichloromethane the white solid was washed 

withh 20 mL of ether. Yield 1.6 g (43 %), mp 240-242 °C (dec.), lH NMR (CDCL3) 8 1.1 ppm (s, 

CH3,6H),, 3.9 ppm (d, 3Jra - 5 Hz, CH* 4H), 7.4-7.2 ppm (m, Ph, 30H), 31P{  lH} NMR (CDCL3) 

88 83.1 ppm (s), 13CNMR (CDCL3) 8 21.8 ppm (s, C(CH3)2), 36.5 (s, CH2), 69.6 (s, 
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C(CH3)2),, 129.3-128.1 ppm (m, o,m,p-Ph-N), 137.2 ppm (s, />so-Ph-(N(CO)2), 137.6 ppm (d, 
2JPCC = Hz, fpso-Ph-N-P), 152.3 ppm (CCKNPhk) 152.4 ppm (s, CO-N-P), IR (CH2C12) Vco 

== 1714 cm1 (vs), 1673 cm"1 (vs), FAB/MS m/e 823, Anal. Calcd for C45H4oN606P2: C, 65.69; 

H,H, 4.87; N, 10.22. Found: C, 65.17; H, 4.94; N, 10.16. 

2dd A solution of 2.3 mL of (26 mmol) phosphorus trichloride in 20 mL of toluene was added 

dropwisee to a solution of 4.9 g (26 mmol) of N,N',N"-triethylbiuret in 80 mL of toluene and 

200 mL of triethylamine (excess) at room temperature. Triethylamine.HCl precipitated directly. 

Thee reaction was stirred overnight at 80 °C. The mixture was cooled to room temperature, the 

precipitatee was filtered off and the toluene was evaporated under vacuum. The 

phosphoruschloridee compound was obtained as yellow oil and used directly without further 

purification.. The purity of the compound was checked by NMR. A solution of 1.1 g (10 

mmol)) of 2,2'-dimethyl-1,3-propanediol in 10 mL of THF was added dropwise to a solution 

off  5.13 g (20 mmol) of N,N',N"-triethylbiuret phosphoruschloride in 50 mL of THF and 10 

mLL of triethylamine (excess). The reaction mixture was stirred at room temperature for 1 

hour.. The triethylamine salts were filtered off and the THF was evaporated. The product was 

purifiedd by column chromatography over neutral alumina (eluens PE(40-60)/EtOAc=4/l, 

rf=0.6).rf=0.6). The product was obtained as a white powder, yield 3.2 g (60 %), mp 56 °C, *H NMR 

(CDCL3)) 8=0.8 ppm (s, 6H, Me) 1.1 ppm (t, 6H, 3JHH=7 HZ, CHjCH^CO^), 1.3 ppm (t, 

12H,, 3JHH=7 HZ, CHJCH2NP), 3.2 ppm (d, 4H, , 3JHP=5 HZ, CH2OP), 3.5 ppm (m, 8H, 

CHsCl&NP),, 3.9 ppm (q, 4H, 3JHH=7 Hz, O isCH^COk), 31P{ lH}  NMR (CDCL3) 8 

85.44 ppm (s), ,3C NMR (CDCL3) 8=13.7 ppm (s, CH3CH2N(CO)2), 16.1 ppm (s, CH3CH2NP), 

21.66 ppm (s, CtCHak), 36.2 ppm (d, 2JCP=3HZ, CH2OP), 38.2 ppm (s, CH3CH2N(CO)2), 42.4 

ppmm (d, 2JCP=35 Hz, CH3CH2NP), 68.5 ppm (d, 3JCP=6 HZ, C(CH^h), 152.7 ppm (d, 2JCP=10 Hz, 

CO),, IR (CH2C12) Vco= 1695 cm1 (vs), 1653 cm"1 (vs), FD-MS, FD+=534, Anal. Calcd for 

C2iH4oN606P2:: C, 47.19; H, 7.54; N, 15.72. Found: C, 47.07; H, 7.43; N, 15.47. 

2ee 3.2 mL (7.3 mmol) of n-BuIi (2.5 M in hexane) was added dropwise to a solution of 1.69 g 

(3.66 mmol) 4,5-dibromo-2,7-di-rert-butyl-9,9-dimethylxanthene in 70 mL of THF at -60 °C. 

Thee suspension was stirred for 1 hour at -60 °C The reaction mixture was slowly warmed to 

00 °C. 2.89 g (7.3 mmol) N,N',N'"-triphenylbiuretphosphoruschloride in 10 mL of THF was 

addedd dropwise to the suspension at -60 °C. The reaction was slowly warmed to room 

temperature.. The solution was filtered over neutral alumina and the THF was evaporated. The 
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whitee solid was crystallised from acetonitril/methanol. Yield 2.8 g (76 %), mp 341 °C, JH 

NMRR (acetone-d6) 6 1.5 ppm (s, 18H, tert-Bu), 1.9 ppm (s, 6H, (CHj^C), 6.8 ppm, 7.0 ppm, 

7.44 ppm (m, 30H, o,m,p-PhN), 7.6 ppm (m, (broad), 2H, CHCC(CH3)2CCH), 8.0 ppm (d, 
3JPH=22 Hz, CHCP), ^Pt'H}  NMR (CDCL3) 5 69.6 ppm (s), 13C NMR (CDCL3) 8 31.8 ppm 

(s,, (CH3)3C), 33.4 ppm (s, (CH3)2C), 34.9 ppm (s, (CH^Q, 35.2 ppm (s, (CH3)3C), 124.4 -

129.22 ppm (aromatic C xanthene backbone and o,m,p-NPh), 130.5 ppm (s, w-PhC(CH3)2), 

137.00 ppm(s, ,n-PhC(CH3)3), 140.1 ppm (t, o-OPhP), 154.3 ppm (s, CO), IR (CH2C12) Vco = 

17066 cm"1 (vs), 1675 cm"1 (vs), 1670 cm"1 (sh), FAB/MS m/e 1041.3, Anal. Calcd for 

C63H58N605P2:: C, 72.68; H, 5.62; N, 8.07. Found: C, 72.17; H, 5.72; N, 8.03. 

2ff  A solution of 1.37 g of (10 mmol) phosphorus trichloride in 20 mL of toluene was added 

dropwisee to a solution of 1.9 g (10 mmol) of N,N\N"-trietiiylbiuret in 80 mL of toluene and 

100 mL of triethylamine (excess) at room temperature. Triethylamine.HCl precipitated directly. 

Thee reaction was stirred overnight at 80 °C. The mixture was cooled to room temperature, the 

precipitatee was filtered off and the toluene was evaporated under vacuum. The 

phosphoruschloridee compound was obtained as yellow oil and used directly without further 

purification.. The purity of the compound was checked by NMR. 3.96 mL (9.9 mmol) of 

H-BuLii  (2.5 M in hexane) was added dropwise to a solution of 2.11 g (4.5 mmol) 

4,5-dibromo-2,7-di-ter^butyl-9,9-dimemylxanthenee in 70 mL of THF at -60 °C. The 

suspensionn was stirred for 1 hour at -60 °C. The reaction mixture was slowly wanned to 0 °C. 

2.277 g (9 mmol) N,N',N'"-triethylbiuretphosphoruschloride in 10 mL of THF was added 

dropwisee to the suspension at -60 °C. The reaction was slowly warmed to room temperature. 

Thee solution was filtered over neutral alumina and the THF was evaporated. The white solid 

wass washed with hot methanol. Yield 3.1 g (92 %), mp 259 °C, lH NMR (CDCL3) 8 1.2 ppm 

(m,, 18H, CHjCH2N), 1.3 ppm (s, 18H, tert-Bu), 1.6 ppm (s, 6H, (CH3)2C), 3.8 ppm (m, 12H, 

CH3CH2N),, 7.0 ppm (s (broad), 2H, CHCC(CH3)2CCH}, 7.4 ppm (d, 3JPH=2 Hz, CHCP), 
31P{JH}}  NMR (CDCL3) 8 57.1 ppm (s), 13C NMR (CDCL3) 8 13.6 ppm (s, CH3CH2N(CO)), 

14.77 ppm (s, CH3CH2NP), 31.1 ppm (s, (CH3)3C), 33.0 ppm (s, (CH^C), 34.5 ppm (s, 

(CH3)2C),, 39.2 ppm (s, CH3CH2N(CO)), 43.0 ppm (d, 2JCP=21 Hz, CH3CH2NP), 43.4 ppm (s, 

(CH^C),, 123.9 ppm (d, Jo*=39 Hz, ipso-PTh) 124.6 ppm (s, p-PhP), 126.5 ppm (s, o-PhP), 

129.66 ppm (s, m-PhC(CH3)2), 145.8 (s, m-PhC(CH3)3), 150.0 ppm (t, o-OPhP), 154.5 ppm (d, 
2JCP=44 Hz, CO), IR (CH2C12) Vco 1688 cm*1 (vs), 1653 cm*1 (vs), FAB/MS m/e 754, Anal. 

Calcdd for C39H58N605P2: C, 62.22; H, 7.77; N, 11.16. Found: C, 62.06; H, 7.75; N, 11.02. 
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7>ans-RhClCO(la)22 (3a) A solution of 176 mg (0.4 mmol) of l a in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(CO)2Cl]2 in 2 mL of CH2C12. When 

thee ligand was added CO evolved from the solution directly. The yellow solution was stirred 

forr 1 hour at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL 

off  pentane was added. The complex precipitated directly. The complex was filtered off and 

washedd with hot benzene. This resulted in a pure yellow powder. Yield 177 mg (85 %), mp 

2399 °C (dec.), [H NMR (CDCL3) 8 7.7-7.1 ppm (m, aromatic H), 3JP{'H}  NMR (CDCL3) 8 

101.22 ppm (doublet, 1JRhP=166Hz), 13C NMR (CD2C12) 8=130.5-135.3 ppm (tf,m,p-Ph), 

138.9-139.33 ppm (ipso-Ph), 154.1 ppm (NCO), the signal of the carbonyl ligand was not 

obtainedd in 13C NMR because of the combination of low intensity of the signal and low 

solubilityy of the compound. IR (CH2C12) vCo 1719 cm"1 (vs), 1694 cm"1 (vs), 1676 cm'1, 

VRh-coo 2004 cm'1 (vs), FAB/MS m/e [RhClCO(la)2]
+ 1041, [RhCO(la)2]

+ 1005, [Rh(la)2]
+ 

976,, Anal. Calcd for C53H4oN605P2ClRh.CH2Cl2: C, 60.16; H, 3.93; N 7.79. Found: C, 60.19; 

H,H, 4.02; N, 7.97. 

7>afi$-RhClCO(lb)22 (3b) A solution of 117 mg (0.4 mmol) of l b in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(CO)2Cl]2 in 2 mL of CH2C12. When 

thee ligand was added CO evolved from the solution directly. The yellow solution was stirred 

forr 1 hour at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL 

off  pentane was added. The complex precipitated directly. The complex was filtered off and 

washedd with 5 mL of pentane. This resulted in a pure yellow powder. Yield 119 mg (79 %), 

mpp 158 °C (dec.), lH NMR (CD2C12) 8 0.7 ppm (t, 6 H, 3JHH=7 HZ, (CO)2NCH2CH3), 1.3 

ppmm (t, 12H, 3JHH=7 HZ, P N C H ^ H J ), 3.6 ppm (q, 4 H, 3JHH=7 HZ, (CO)2NCH2CH3), 4.0 ppm 

(multiplet,, PNOfcCH;,), 7.4 ppm (multiplet, ojn,p-FtiP), 31P{  JH}  NMR (CD6C16) 8 91.1 ppm 

(d,, 'JRM^ISÓHZ),
 13C NMR (CDC13) 8 13.4 ppm (s, CH3CH2NCO), 14.6 ppm (s, 

CH3CH2NP),, 39.4 ppm ((s, CH3CH2NCO), 44.8 ppm (dd, Jcp=10 Hz JCRI,=10 Hz, 

CH3CH2NP),, 121.7-131.1 ppm (o,m,p,-PhP), 150.7 ppm (dd, Ja>=8 Hz Jciu,=8 Hz, NCO) 

150.88 ppm (s, i/MO-PhP), 183.1 ppm (dt, JCP=17 Hz JcRh=72 Hz, RhCO), IR (CH2C12) 

vco=17055 cm1 (vs), 1670 cm'1 (vs) v ^ o 2010 cm1, FAB/MS m/e [RhClCO(lb)2]+ 753, 

[RhCl(lb)2]
++ 724, [RhCCKlbhf 717, Anal. Calcd for C29H4oN605P2ClRh: C, 46.26; H, 5.35; 

NN 11.16. Found: C, 46.24; H, 5.53; N, 11.02. 
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7ra/is-RhClCO(lc)22 (3c). A solution of 181 mg (0.4 mmol) of lc in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(COhCl]2 in 2 mL of CH2C12. When 

thee ligand was added CO evolved from the solution directly. The yellow solution was stirred 

forr 1 hour at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL 

off  pentane was added. The complex precipitated directly. The complex was filtered off and 

washedd with hot benzene. This resulted in a pure pale yellow powder. Crystallisation of a 

smalll  fraction from CH2C12/Et20 resulted in crystals suitable for crystal structure 

determination.. Yield 202 mg (94 %), mp 161 °C (dec), lH NMR (CDC13) 7.55 ppm-6.55 ppm 

(m,, o,m,p-PhN, 0,m,p-PhOP), ^P^H) NMR (CDC13) 8 105 ppm (doublet, 1JRhP=212 Hz), 13C 

NMRR (CD2C12) 8=130-129 ppm (m, o,/vPhN(CO)2, o,p-PhOP), 131,0 ppm (s, m- PhN(CO)2), 

131.99 ppm (s, m,-PhOP), 135.8 ppm (dd, ipso-PhOP, JRW:=4 HZ, Jpc=4 Hz), 137.3 ppm (s, 

Zpso-PhN),, 151.0 ppm (s, N(CO)2), 181.8 ppm (dt, JRhc=73 Hz, Jrc=20 Hz), IR (CH2C12) Vco 

17255 cm"1 (vs), 1692 cm"1 (vs), VRh-co 2021 cm"1 (vs), FAB/MS m/e [RhClCO(lc)2]+ 1073, 

[RhCl(lc)2]
++ 1044, [RhCO(lc)2]

+ 1037, [Rh (lc)2]
+ 1008, Anal. Calcd for 

C53H4oN607P2ClRh:: C, 59.31; H, 3.76; N 8.07. Found: C, 59.18; H, 3.93; N, 7.74. 

7Wuts-RhClCO(ld)22 (3d) A solution of 124 mg (0.4 mmol) of Id in 2 mL of CH2C12 was 

addedd dropwise to a solution of 39 mg (0.1 mmol) [Rh(CO)2Cl]2 in 2 mL of CH2C12 When the 

ligandd was added CO evolved from the solution directly. The yellow solution was stirred for 1 

hourr at room temperature. After 1 hour the solvent was concentrated to 1 mL and 10 mL of 

pentanee was added. The complex precipitated directly. The yellow complex was filtered off 

andd washed with 5 ml of pentane. Crystallisation of a small fraction from benzene resulted in 

crystalss suitable for crystal structure determination. Yield 140 mg (89 %), mp 158 °C (dec.), 
llHH NMR (CD2C12) 8 0.6 ppm (t, 6 H, 3JHH=7 Hz, (COhNCH^Hj), 1.2 ppm (t, 12H, 3JHH = 

77 Hz, PNCH2CHj), 3,4 ppm (q, 4 H, 3JHH=7 Hz, (COhNQfcCHa), 4.1 ppm (multiplet, 

PNCH2CH3),, 6.9 ppm (d, 4H, 3JHH=8 HZ, o-PhOP), 7.2 ppm (t, 2H, 3JHH=7 Hz, p-PhOP% 

7.33 ppm (multiple!, m-PhOP), 31P{!H}  NMR (CDCI3) 8 101.2 ppm (doublet, 1JRhp=209 Hz), 
13CC NMR (CD2CI2) 8=15.0 ppm (s, CH3CH2N(CO)2), 16.3 ppm (s, CH3CH2NP), 40.7 ppm (s, 

CH3CH2N(CO)2),, 47.5 ppm (dd, CH3CH2NP, JRJ,C=16 Hz, JPC=16 HZ), 130.8 ppm (m, o,m,p,-

PhOP),, 139,0 ppm (dt, ipso-PhOP, JRJ,C=26 Hz, Jpc=4 Hz), 154 ppm (s, N^O^), 185 ppm 

(dt,, RhCO, JRI,C=72 Hz, Jpc=18 Hz), IR (CH2C12) v c o 1711 cm1 (vs), 1671 cm"1 (vs), V R ^ = 

20255 cm1, FAB/MS m/e [RhClCOUd)̂  785, [RhCl(ld)2]+ 756, [RhCCKldfe]*  749, [Rh 
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(ld)2]
++ 721, Anal. Calcd for C29H4oN607p2ClRh: C, 44.37; H, 5.14; N 10.71. Found: C, 

44.26;; H, 4.91; N, 10.73. 

HRh(lb) 3COO (4), 50 mg (0.2 mmol) of Rh(acacXCO)2 and 285 mg (1.0 mmol) of l b were 

dissolvedd in 20 mL of toluene. The solution was brought in the autoclave and pressurised to 

200 bar CO/H2 (1/1). The autoclave was heated for 1 hour at 80 °C and than heated to room 

temperature.. After depressurising the clear red solution was brought in a schlenk and saturated 

withh argon. Upon standing for one night under argon atmosphere compound (4) was formed. 

Evaporationn of the toluene and washing with benzene gave the pure compound (4). 

Crystallisationn of a small fraction from benzene resulted in crystals suitable for crystal 

structuree determination. Yield 20 mg (10 %), mp 106 °C (dec.), lH NMR (CD2C12) S=-10.7 

ppmm (broad, hydride), 0.5 ppm (broad, 9H, CH3CH2N(CO)2, 2.1 ppm (broad, 18H, 

CH3CH2NP),, 3.5 ppm (broad, 18H, CH3CH2N), 7.1 ppm and 7.3 ppm (broad, 15H, o,m,p-

PhP),, ^P^HJNMR (CD2C12) 6 117.2 ppm (broad doublet, ,JRhP=169 Hz), (Because of 

fluxionall  behaviour an accurate 13C NMR could not be obtained), IR (CH2C12) Vco 1695 cm"1 

(vs),, 1660 cm1 (vs), VR^C. 2019 cm"1, FD MS FD+=1012, Anal. Calcd. for C43H61N9O7P3RI1: 

C,, 51.04; H, 6.08; N 12.46. Found: C, 51.16; H, 5.91; N, 12.62. 

Crystall  structure determination of (lc, 2a, 3c, 3d) Detailed crystallographic information of 

thee structures lc, 2a, 3c, 3d is summarised in Table 12. An Enraf-Nonius CAD-4 

diffractometerr with graphite-monochromated CuKa radiation and co-20 scan was used for data 

collection.. The intensities of two reflections were measured hourly. Unit-cell parameters were 

refinedd by a least-squares fitting procedure using 23 reflections with 80<20<84 (lc), 80<26<82 

(2a,, 3c, 3d). Absorption correction was performed with the program PLATON,43 following the 

methodd of North et al.u using \|/-scans of five reflections, with transmissions in the range of 

0.851-0.9222 (lc), 0.677-0.913 (2a), 0.497-0.989 (3c), 0.589-0.991 (3d). The structure was 

solvedd by the PATTY option of the DIRDIF96 program system.45 The hydrogen atoms positions 

weree calculated. After isotropic refinement of the initial model for 3c, AF synthesis revealed 

threee independent peaks, which formed a six-member ring that was interpreted as benzene, one 

off  the solvents used during crystallisation. Full-matrix least-squares refinement on F, 

anisotropicc for the non-hydrogen atoms and isotropic for the hydrogen atoms restraining the 

latterr in such a way that the distance to their carrier remained constant at approximately 1.0 A, 

convergedd to R=0.058, Rw=0.058 (A/o)max=0.05, S=0.99 (lc); R=0.066, Rw=0.070 
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(A/o)max=0.32,, S=1.063 (2a); R=0.045, R ^ . 0 43 (AAj)max=0.66, S=1.008 (3c); R=0.045, 

Rw=0.0499 (A/a)max=0.08, S=1.094 (3d) 

AA weighting scheme of w = [ 1.5+0.01 *(a(Fobs))240.Ol/(a(Fobs))]"1 was used for lc and 2a. 

AA weighting scheme of w=[7.5+0.01*(<y(Fobs))2+0.01/(a(Fobs))]"1 was used for 3c. A 

weightingg scheme of w=[2.5+0.01*(cr(Fobs))2+0.01/(<y(Fobs))]-l was used for 3d. The 

secondaryy isotropic extinction coefficient46' 47 refined to Ext=0.059 (5) (lc), 0.207 (8) (2a), 

0.1166 (4) (3c), 0.291 (7) (3d). A final difference Fourier map revealed a residual electron 

densityy between -0.38 and 0.67 eA3 (lc), -0.45 and 0.42 eA"3 (2a), -0.9 and 1.19 eA"3 (3c), -

2.00 and 1.44 eA"3 (3d) in vicinity of the heavy atoms. Scattering factors were taken from 

Cromerr and Mann;48 International Tables for X-ray Crystallography.49 The anomalous 

scatteringg of Rh, CI and P was taken from Cromer and Mann.48 All calculations were 

performedd with XTAL,50 unless stated otherwise. 

Crystall  structure determination of (4) C43H61N9O7P3.3C6H6, fw = 1246.15, yellow block, 

0.555 x 0.30 x 0.10 mm3, trigonal, R3c (No. 161), a = b = 23.2546(17) A, c = 19.624(2) A, y = 

120°,, V = 9190.4(13) A3, Z = 6, p = 1.351 g cm"3. Intensities were measured on an Enraf-

Noniuss CAD4T diffractometer witii rotating anode (Mo-Kcc, X = 0.71073A) at a temperature 

off  150K. Absorption correction based on Psi-scans (PLATON,51 u = 0.416 mm*1, 0.86-0.97 

transmission).. 18616 measured reflections, 4700 unique reflections (Rim = 0.0773). The 

structuress were solved wim direct methods (S1R-97)52 and refined with me program 

SHELXL-97533 as an inversion twin against F2 of all reflections up to a resolution of (sin 

OÂ maxx = 0.65 A*1. The Flack x parameter was determined as 0.54 (4). Non hydrogen atoms 

weree refined freely with anisotropic displacement parameters. The hydride hydrogen atom was 

fixedd in a calculated position; me other hydrogen atoms were refined as rigid groups. The 

drawings,, calculations and checking for higher symmetry were performed with the PLATON 

package.511 R (I>2<J(I)): Rl = 0.0452, wR2 = 0.1016. R (all data): Rl = 0.0591, wR2 = 0.1078. 

S== 1.046. 
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Tablee 12. Crystal Data and Details of the Structure Determination of Id, 3c, 3d and 2a a 

empiricall  formula 

fw w 

temperature e 

wavelength h 

abs.. coeff. 

I d d 

C26H2oN3OjP P 

453.4 4 

roomm temperature 

X(CuKa)=1.5418A A 

H(CuKa)=13.22 cm' 

crystall  system monoclinic 

spacee group 

unitt  cell dimension! 

volume e 

Z Z 

density y 

F(000) ) 

crystall  size 

P2,/n n 

>> a=12.4340(10)A 

b=13.9618(9)A A 

c=13.55011 (7) A 

a=90° ° 

p=100.4677 (5)° 

y=90° ° 

2313.22 (3)A3 

4 4 

1.3022 gem3 

944 4 

0.25x0.25x0.555 mm 

rangee of data collection 4.4£6<74.80 

indexx ranges 

no.. f reflcns colled 

finalfinal  R 

0<h<15 5 

0<k<17 7 

-16<l£16 6 

4755 5 

0.0588 (for  3799 

obs.. reflcns) 

2a a 

Cs^gNeOsP: : 

904.8 8 

roomm temperature 

^(CuKa) == 1.5418 A 

uXCuKa^D.Scm" 1 1 

triclini c c 

PP r 
a=10.2617a=10.2617 (7) A 

b=14.1002(9)A A 

c== 17.043 (2) A 

0(^92.4633 (5)° 

p=99.118(6)° ° 

7=100.740(5)° ° 

2263.99 (4)A3 

2 2 

1.3277 gem"3 

940 0 

0.25x0.50x0.500 mm 

2.6^6<74.80 0 

-12<te£l2 2 

-17<k£17 7 

0<1<21 1 

9294 4 

0.0666 (for  7167 

obs.. reflcns) 

3c c 

C29H«)N607P2ClRh.C6H6 6 

785.0 0 

2533 K 

X(CuKa)=1.54188 A 

iKCuKa^SlJcmiKCuKa^SlJcm1 1 

3d d 

C53H4oN607P2ClRh h 

1073.2 2 

2333 K 

\(CuKa)=1.5418A A 

H(CuKa)=44.66 cm"1 

monoclinicc triclini c 

C2/c c 

a=18.800(4)A A 

b=14.402(l)A A 

c=15.312(3)A A 

ct=90° ° 

p=98.455 (1)° 

Y=90° ° 

4100.88 (12)A3 

2 2 

1.3988 gem3 

1784 4 

0.30x0.40x0.655 mm 

3.9<0<74.7o o 

-23<h<0 0 

0£k<17 7 

-18<1<19 9 

4205 5 

0.0455 (for  3874 

obs.. reflcns) 

PP T 

a=10.41400 (9) A 

b=11.0175(5)A A 

c=23.4011 (2) A 

a=83.9411 (7)° 

0=79.1833 (14)° 

Y=67.4800 (4)° 

2434.44 (3)A3 

4 4 

1.4644 gem"3 

1096 6 

0.30x0.50x0.600 mm 

3.8^0^74.8° ° 

-13<h<0 0 

-13<k<12 2 

-29<1<28 8 

10043 3 

0.0455 (for  9660 

obs.. reflcns) 
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