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AssembledAssembled bidentate ligands 

4.11 Introduction 

Forr more than half a century ligand effects have been studied in transition metal catalysis,' 

whichh provided good insight in many catalytic reactions. Key features of catalysts such as 

activity,, selectivity and stability can be optimized by variation of steric and electronic 

propertiess of ligands.2'3 Initially , many monodentate phosphorus ligands have been developed, 

yieldingg transition metal complexes that are active catalysts for various reactions including 

hydrocyanation,, hydrogenation and hydroformylation.4 In the early seventies chelating 

bidentatee ligands were found to yield very selective catalysts for the asymmetric 

hydrogenation55 and many examples of active catalysts based on bidentate ligands have 

appearedd ever since.6 Recently, there is a renewed interest in the use of monodentate ligands,7 

whichh is partly explained by their relative ease of preparation compared to bidentates, 

especiallyy when sophisticated chiral entities are required. However, for several reactions 

chelatingg bidentate ligands are required to obtain catalysts with appreciable selectivity and 

activity.3'8 8 

2L L 

Figuree 1. Schematic representation of an assembled bidentate catalyst system (left) and an assembled 
monodentatee catalyst system (right), L = monodentate ligand and M = transition metal catalyst. 

Heree we report our results employing a strategy that involves the assembly of monodentate 

ligandss L on a bisporphyrin template, thereby creating a bidentate chelating ligand (figure 1). 

Thiss strategy combines the easy access of monodentate ligands with the properties of 

chelatingg systems. For the construction of the self-organizing bidentate ligands we use 

monomericc pyridine phosphorus compounds 4-6 (Chart 1). The complexation of two pyridyl 

unitss on a biszinc(II) porphyrin template 2, yields the formation of an in situ assembled 

bidentatee phosphorus ligand. Addition of a transition metal catalyst results in bidentate 

coordinationn of the phosphorus ligands and the complex can be used as a new assembled 

catalystt system. These novel catalysts behave similarly as their covalently linked bidentate 

analoguess controlling key features of transition metal catalysts, giving high selectivities in the 

rhodium-catalyzedd hydroformylation of 1-octene. This approach has been extended to the 
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bidentatee assembly of chiral monomeric ligands yielding new C2-symmetric ligands, which 

showw moderate enantioselectivity in several catalytic reactions. 

4.22 Results and discussion 

TheThe assembly of monomeric compounds on a bisporphyrin template 

Wee recently reported that the pyridine units of pyridylphosphine compounds selectively 

coordinatee to zinc(II) porphyrins with high-binding constants.9 In addition, we found that after 

complexationn of the zinc(II) porphyrin the phosphorus donor atom was still available for 

transitionn metal complexation. The current contribution extends these results by combining 

pyridinee phosphorus building blocks with bis zinc(II) porphyrin 2. UV-vis spectroscopy 

titrationss in toluene showed that biszinc(II) porphyrin 2 indeed coordinates to two 

pyridylphosphinee units 4, with corresponding binding constants of K, = 5.1 * 10 M" and K2 = 

1.4*1033 M"1.10 This shows that bidentate ligands can be prepared by assembly processes, 

whichh involves only mixing of the two monomeric compounds with the dimeric template 

(figuree 2). 

ax)) aPx) an 

1-44 2(4)2 \_J 

Figuree 2. Selective coordination of 4-pyridyldiphenylphosphine 4 to zinc(II) porphyrin 1 and 2. 
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HRh(2(4)2)(CO)2 2 

HRh(2(4)9HC0),, + PPhx 

-9.00 -9.2 -9.4 -9.6 -9.8 -10.0 -10.2 -10.4 -10.6 -10.8 -11.0 -11.2 -11.4 -11.6 -11.8 

Figuree 3. High-pressure 'H-NMR-spectra of HRh(4)2(CO)2 and HRh(2(4))2(CO)2 in the absence and 
presencee of triphenylphosphine 3 (hydride region). 

Thee coordination behavior of these systems to transition metals was studied using high-

pressuree NMR-spectroscopy in toluene-d8 under 20 bars of syn-gas (H2/CO = 1/1)." 

Rh(acac)(CO)22 was used as the metal precursor and 4-pyridyldiphenylphosphine 4 as the 

ligand,, which resulted in the formation of HRh(4)2(CO)2. The rhodium hydride signal of this 

complexx was shifted to high-field in the presence of dimer 2 (figure 3), caused by the 

shieldingg effect of the porphyrins that embrace the rhodium catalyst, as is also evident from 

molecularr modeling (figure 4). 

Figuree 4. Schematic representation of the assembled bidentate transition metal catalyst 
[HRh(2(4)2)(CO)2],, using dimeric zinc(II) porphyrin 2 and 4-pyridyldiphenylphosphine 4 and a 

rhodiumm catalyst (left). Modeled structure of a assembled bidentate catalyst consisting of porphryin 2 
(dark-gray),, ligands 4 (white) and rhodium catalyst [HRh(CO)2] (gray) (right). 
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Additionn of triphenylphosphine 3 to this mixture did not change the complex formed and still 

onlyy one hydride signal was observed. In contrast, mixing 3 to HRh(4)2(CO)2 in the presence 

off  monomeric zinc(II) porphyrin 1 resulted in several rhodium-hydride signals indicating that 

ligandd exchange takes place. These experiments prove the chelating effect of the bidentate 

ligandd assembly based on two units 4 and dimeric zinc(II) porphyrin 2. 

Otherr building blocks that have been prepared for assembly of bidentate ligands are the chiral 

(S)-- and (R)-(l,l'-binaphthyl-2,2'-diyl)-(3-pyridyl) phosphite 5 and 6.12 The assemblies based 

onn in situ formed Rh(acac)(5)2 and zinc(II) porphyrin building blocks 1 and 2 were studied 

withh NMR-spectroscopy. Mixing two equivalents of meso-phenyl zinc(II) porphyrin 1 and 

Rh(acac)(5)22 resulted in up-field shifts in 'H-NMR spectroscopy of the protons on the pyridyl 

ringg of 5, which indicates the formation of the assembled complex Rh(acac)(l»5)2. In 

addition,, the 3lP-NMR-spectrum of this complex shows a large shift for the phosphite donor 

atomm (A5P = 6.8 ppm) (figure 5). The addition of one equivalent of bisporphyrin 2 to 

Rh(acac)(5)22 results in even larger shifts of the phosphorus resonance (A8P = 10.8 ppm) as a 

resultt of the formation of the bidentate assembly 2(5)2. These large shifts are attributed to a 

combinationn of effects: changes in the electronic and steric properties of the coordinating 

phosphitee ligands and the ring current of the two porphyrins. 

WWW' ' 
Rh(acac)(5)2 2 

^f^^^ ^f^^^ 
Rh(acac)(1.5)2 2 

Rh(acac)(2(5)2) ) 

M^^'^l w w 
1544 152 150 148 146 144 142 140 138 136 

Figuree 5. "P-NMR-spectra of several assembled rhodium acetylacetonate bisphosphite complexes, 
JRII-PP = 303 Hz for all complexes. 
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AssembledAssembled bidentate ligands in catalysis 

Thee template directed ligand assemblies were tested in the rhodium-catalyzed 

hydroformylationn of 1-octene under 20 bar of syn-gas (H2/CO = 1/1) in toluene (scheme 1). 

Thee rhodium complex based on monodentate 4-pyridyldiphenylphosphine 4 showed a high 

activityy and moderate selectivity for the linear aldehyde at 80 °C (table 1), typical of these 

monodentatee ligands.13'14 The assembly of zinc(II) porphyrin 1 to this complex resulted only 

inn a small change in activity, while the selectivity remained the same. In contrast, use of the 

assembledd bidentate ligand 2(4)2 resulted in a decrease of the reaction rate along with a slight 

increasee in selectivity and lower isomerization. This catalytic behavior is typical of bidentate 

phosphinee ligands in the rhodium-catalyzed hydroformylation of 1 -octene and shows that the 

assembledd bidentates are stable under catalytic conditions. 

H 2 /CO O .,-Y Y 
H ^ O O 

Schemee 1. Rhodium-catalyzed hydroformylation. 

Tablee 1. Rhodium-catalyzed hydroformylation of 1-octene using assemblies of pyridylphosphine and 

zinc(II)) porphyrins template molecules.' 

ligandb b 

4 4 
1*4 4 

2(4)2 2 
1»4 4 

2(4)2 2 

1«S S 

2(5)2 2 

temp.. (°C) 

80 0 
80 0 
80 0 
25 5 
25 5 
25 5 
25 5 

conversion n 

93 3 
89 9 
33 3 
6.2 2 
4.7 7 
1.1 1 
0.8 8 

(%)c c T.O.F.d d 

2.3*103 3 

2.11 * 103 

7.3*102 2 

7.4 4 
5.6 6 
1.3 3 
0.9 9 

l / b e e 

2.7 7 
2.7 7 
3.0 0 
2.9 9 
3.3 3 
5.0 0 
16.4 4 

2-octene e 

1.8 8 
1.8 8 
0.5 5 
0.1 1 
0.1 1 
0.0 0 
0.0 0 

(%) ) linearff (%) 

71.7 7 
71.5 5 
74.5 5 
74.1 1 
76.5 5 
83.3 3 
94.3 3 

(a)) [Rh] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H2 = 1/1), 1 -octene/rhodium = 5200, in none of 

thee reactions hydrogenation was observed, (b) [phosphorus] = 2.1 mmol/1, [1] = 2.1 mmol/1, [2] = 1.1 

mmol/1.. (c) percent total conversion of 1-octene to aldehydes and 2-octene. (d) T.O.F. = average turn over 

frequencyy = (mol aldehyde)(mol Rh)"'h"', the reaction was stopped after 2 hours (80 °C) or 43 hours (25 °C). 

(e)) 1/b = linear/branched, (f) percent 2-octenes and percent selectivity for linear aldehyde based on converted 

1-octene. . 

Att 25 °C the rhodium catalyst based on the monodentate ligand 1«4 resulted in low but still 

reasonablee activity and only a small increase in selectivity was observed for this ligand 

system,, compared to the results at 80 °C. The bidentate assembled ligand 2(4)2 changed the 

catalyticc properties and an increase in selectivity to 1/b = 3.3 at the cost of small decrease in 
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activityy was observed. More interesting was the performance of the bidentate assembled 

ligandd 2(5)̂  at 25 °C that altered the selectivity in favor for the linear adduct to a very high 94 

%,, compared to the 83 % of the monodentate 1»5 and no isomerization was observed at the 

givenn temperature. These results prove that assembled bidentate ligand systems can alter the 

catalyticc properties in transition metal catalysis significantly. 

BidentateBidentate ligand assemblies in asymmetric transition metal catalysis 

Inn the previous section we described assembled bidentate ligands by assembling two 

monomericc ligands on a bis porphyrin template molecule and studied the effect on the 

selectivityy and activity in the rhodium-catalyzed hydroformylation of 1-octene. Here we 

investigatee enantioselective catalysis with chiral bidentate ligand assemblies. Very high 

selectivitiess in catalysis using covalent chiral bidentate ligands have been observed.1"'15 

Ass building blocks for the chiral bidentate assemblies bisporphyrin 2 and pyridyl phosphite 5 

andd 6 were used and tested in the rhodium-catalyzed hydroformylation of styrene (table 2). 

Rhodiumm complexes based on monodentates 5 and 6 showed both a low but distinct 

enantiomericc excess (approximately 7 %), which is in line with previous results of 

monodentatee ligands.16 The rhodium complexes based on 1»5 and 1»6, have ligands with 

increasedd steric bulk that give similar results. Interestingly, the use of bisporphyrin 2 as 

templatee molecule for the assembly of 5 and 6 significantly improved the enantioselectivity to 

333 %, along with an increase in activity. Although only moderate enantioselectivities in the 

rhodium-catalyzedd hydroformylation of styrene are observed, these results are very promising 

consideringg the challenge that is involved. So far only a few covalently linked chelating 

ligandss gave high enantioselectivity in this reaction. 

Tablee 2. Rhodium-catalyzed hydroformylation of styrene using chiral assemblies based on pyridyl 

phosphitee and zinc(II) porphyrins templates." 

ligandbb T.O.F.c b/_T| e.e.c (%) 

5 5 
1«5 5 
2(5)2 2 

6 6 
1*6 6 
2(6)2 2 

0.01 1 

0.02 2 

0.15 5 

0.01 1 

0.02 2 

0.14 4 

>100 0 

>100 0 

>100 0 

>100 0 

>100 0 

>100 0 

7.22 (S) 

6.00 (S) 

33.22 (S) 

7.00 (R) 

6.33 (R) 

32.66 (R) 

(a)) [Rh] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H2 = 1/1), styrene/rhodium = 7000, in none of the 

reactionss hydrogenation was observed, T = 25 °C. (b) [phosphite] = 2.1 mmol/1, [1] = 2.1 mmol/1, [2] = 1.1 

mmol/1.. (c) T.O.F. = average turn over frequency = (mol aldehyde)(mol Rh) 'h ', the reaction was stopped 

afterr 64 hours, (d) b/1 = branched/linear, (e) e.e.= enantiomeric excess (%). 
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[Rh]] V H V 
MeOOCC ^ ^ H 2 MeOOC ^ - ^ MeOOC ^ ^ 

(S)) (R) 

Schemee 2. Rhodium-catalyzed hydrogenation of dimethyl itaconate. 

Thee chiral bidentate ligand assemblies were also tested in the rhodium-catalyzed 

hydrogenationn of dimethyl itaconate (scheme 2). The monomeric compounds 5 and 6 showed 

bothh moderate enantioselectivity in this reaction (e.e. = 36 %), accompanied with low activity 

(tablee 3). The reaction rate was considerably increased upon using the monodentate 

assembliess 1*5 and 1»6 at the cost of a small decrease in enantiomeric excess. With the use of 

chirall  bidentate ligand assemblies 2(5)2 and 2(6)2 the reaction rate was even higher, but the 

enantioselectivityy decreased dramatically. 

Tablee 3. Rhodium-catalyzed hydrogenation of dimethyl itaconate using chiral assemblies of pyridy! 
phosphitee and zinc(II) porphyrins templates." 

ligandbb conversion (%)c e.e.d (%) 

5 5 
1«5 5 

2(5)2 2 
6 6 

1«6 6 

2(6)2 2 

2.2 2 
7.5 5 
9.5 5 
2.0 0 
6.9 9 
10.2 2 

366 (S) 
311 (S) 
8(S) ) 

366 (R) 
322 (R) 
7(R) ) 

(a)) [Rh(nbd):BPh4] = 0.10 mmol/1, substrate/rhodium = 200, T = 40 °C. (b) [phosphite] = 0.60 mmol/1, [1] = 
0.600 mmol/1, [2] = 0.30 mmol/1 in toluene (c) the reaction was stopped after 15 hours (d) e.e.= enantiomeric 

excesss (%). 

Thee scope of the ligand assemblies was extended to the palladium catalyzed allylic alkylation 

(schemee 3). For this reaction the palladium complexes based on monomeric pyridyl phosphite 

ligandss 5 and 6 yielded low enantioselectivity (18 %) (table 4). The monodentate assemblies 

1*55 and 1»6 changed the ligand properties to such an extent that the enantiomeric excess was 

increasedd to 32 %. Further improvement of the enantioselectivity in this reaction was obtained 

byy using the bidentate ligand assemblies 2(5)2 and 2(6)2. The obtained results confirm that 

bidentatee assembly of chiral monomeric ligands on a bisporphyrin template is successful and 

amendss the activity and enantioselectivity in asymmetric transition metal catalysis. 
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p hh + M e C k / ^ O M e [Pd(allyl)CI]2 P h ^ ^ ^ ^ P h 
ïï BSA / KOAc 

OAcc  inCH2CI2 M e O ^ / k . O M e 

OO O 
Schemee 3. Palladium catalyzed allylic alkylation. 

Tablee 4. Palladium catalyzed allylic alkylation using chiral assemblies of pyridyl phosphite and 
zinc(II)) porphyrins templates." 

ligandb b 

5 5 
1»5 5 

2(5)2 2 

6 6 
1»6 6 

2(6)2 2 

conversion n 

>99 9 
>99 9 
>99 9 
>99 9 
>99 9 
>99 9 

(%)c c e.e.dd (%) 

188 (S) 
311 (S) 
455 (S) 
188 (R) 
322 (R) 
444 (R) 

(a)) [[Pd(allyl)Cl]2] = 0.10 mmol/1, 1,3-diphenyl-allyl acetate/rhodium = 100, T = 25 °C. (b) [phosphite]
0.600 mmol/1, [1] = 0.60 mmol/1, [2] = 0.30 mmol/1. (c) the reaction was stopped after 63 hours, (d) e.e.= 

enantiomericc excess (%). 

4.33 Conclusion 
AA new effective strategy to prepare bidentate ligands using supramolecular interactions is 

presented.. The bidentate ligands are easily prepared by mixing monodentate ligands with a 

template,, forming novel chelating ligands by selective coordination to the template as proven 

byy NMR-spectroscopy. For these assemblies pyridine phosphorus ligands 4-6 and zinc(II) 

porphyrinn dimer 2 were used and in the rhodium-catalyzed hydroformylation of 1-octene high 

selectivitiess have been observed for some of the assembled bidentate ligand systems. This 

strategyy is also applicable in asymmetric transition metal catalysis. The enantioselectivity in 

thee hydroformylation of styrene is improved significantly upon using the assembled bidentate 

ligandss (33 %) compared to the monodentate assemblies (7 %). In the palladium catalyzed 

allyli cc alkylation similar effects were observed the enantioselectivity increased from 18 to 44 

%% e.e.. In contrast, in the rhodium-catalyzed hydrogenation the enantioselectivity decreased, 

whereass the activity increased using the bidentate assemblies. So far, we only used 

phosphoruss ligands 4-6 and bisporphyrin template 2, but many other building blocks can be 

envisagedd for the formation of bidentate assemblies and variation of the monodentate ligands 

andd template molecules wil l give a vast range of new assembled catalyst systems with 

differentt catalytic properties. 
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4.44 Experimental Section 

Generall Procedures. Unless stated otherwise, reactions were carried out under an 

atmospheree of argon using standard Schlenk techniques. THF, hexane and diethyl ether were 

distilledd from sodium benzophenone ketyl; CH2C12, isopropanol and methanol were distilled 

fromm CaH2 and toluene was distilled from sodium under nitrogen. NMR spectra ('H, 3,P and 
13C)) were measured on a Bruker DRX 300 MHz and Varian Mercury 300 MHz; CDCI3 was 

usedd as a solvent, if not further specified. Mass spectra were recorded on a JEOL JMS 

SX/SX102AA four sector mass spectrometer; for FAB-MS 3-nitrobenzyl alcohol was used as 

matrix.. Elemental analyses were obtained on an Elementar Vario EL apparatus. UV-vis 

spectroscopyy experiments were performed on a HP 8453 UWVisible System. Gas 

chromatographicc analyses were run on an Interscience HR GC Mega 2 apparatus 

(split/splitlesss injector, J&W Scientific, DB-1 J&W 30 m column, film thickness 3.0 urn, 

carrierr gas 70kPa He, FID Detector) equipped with a Hewlett-Packard Data system (Chrom-

Card).. Chiral GC separations were conducted with a chirasil-L-Val capillary column (0.25 

mmm x 25 m). Chiral HPLC analyses were carried out using a Daicel Chrialcel-OD column 

(0.466 x 25 cm). Molecular modeling was performed using semi-empirical (PM3-tm) 

calculationss on a unix workstation using the Spartan software. 

Materials.. With exception of the compounds given below, all reagents were purchased from 

commerciall  suppliers and used without further purification. Diisopropylethylamine and 

triethylaminee were distilled from CaH2 under argon. The following compound were 

synthesizedd according to published procedures: 5,10,15,20-tetrakis-phenyl zinc(II) porphyrin 

l,177 a simple fast route for the synthesis of 5-(4-hydroxyphenyl)-10,15,20-tri(phenyl) 

porphyrinn is reported below, bisporphyrin 2,'9 pyridylphosphine 413 and pyridyl phosphite 

5.20 0 

SynthesisSynthesis of 5-(4-hydroxyphenyl)-10,15,20-tris(phenyl) porphyrin 

4-hydroxybenzaldehydee (12.7 g, 104 mmol) and benzaldehyde (31.6 ml, 312 mmol) were 

dissolvedd in 1.0 1 of propionic acid and heated till reflux. Under an air flow and vigorous 

stirringg pyrrole (28.9 ml, 416 mmol) was cautiously added and the solution was refluxed for 1 

hour.. The reaction mixture was cooled to 60°C and 150 ml of methanol was added. The 

reactionn was stored overnight at 4CC, allowing the porphyrin to precipitate. The reaction 

mixturee was filterted and washed several times with methanol until the filtrate was colorless. 

Thee porphyrin was purified using column chromatography (basic alumina, CH2C12, upgrade 

3%% MeOH in CH2C12 and 5% MeOH in CH2C12), giving 12 (1.87 g, 2.96 mmol, 2.8%). 
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BisBis porphyrin 2 

Thiss compound was prepared using a slightly different method as that reported by Nolte. To 

aa solution of 5-(4-hydroxyphenyl)-10,15,20-tris(phenyl) porphyrin (1.37 g, 2.17 mmol) in 40 

mll  of freshly distilled DMF was added 229 mg (0.869 mmol) of a,ct'-dibromo-ort/?o-xylene, 

1.00 g of K2C03 and 1.0 g of Nal The mixture was stirred overnight at 120 °C. The crude 

productt mixture was filtered and subsequently extracted with CH2C12 washed twice with IN 

HC11 and water. The product was dried over Na2S04 and after evaporation of the solvent the 

resultingg product was purified by flash chromatography (basic alumina, eluent, CH2C12). A 

redd solid was obtained in 63 % yield. 'H NMR (300 MHz): 8 8.88 (m, 12H), 8.81 (d, 2H, J = 

4.8Hz),, 8.72 (d, 2H, J = 4.8Hz), 8.25 (m, 4H), 8.13 (d, 4H, J = 8.4Hz), 8.04 (d, 8H, J = 

7.8Hz),, 7.80-7.70 (m, 6H), 7.68-7.51 (m, 12H), 7.33 (d, 4H, J =8.7 Hz), 7.28 (m, 2H), 7.19 

(m,, 2H), 5.44 (s, 4H); HRMS (FAB+): nVz calcd. for C96H67N802 ([MH+]): 1363.53.; obsd.: 

1362.9309;; anal, calcd. for C96H66N802: C, 84.56; H, 4.88; N, 8.22. Found: C, 84.32; H, 4.84; 

N,, 8.12. 

SynthesisSynthesis of(R)-(l,l '-binaphthyl-2,2 '-diyl)-(3-pyridyl)phosphite 6 

Thiss compound was prepared as described for 5, using 5-(3-hydroxyphenyl)-l 0,15,20-

tris(phenyl)-zinc(II)) porphyrin and freshly prepared (R)-2,2'-binaphtol phosphorochloridite. 

Yieldd (78 %) as a purple-red solid: 'H NMR (300 MHz): 5 8.54 (d, 1H, J = 2.4Hz), 8.40 (d, 

1H,, J = 4.2Hz), 8.02 (d, 1H, J = 8.7Hz), 7.95 (d, 1H, J = 8.7Hz), 7.92 (d, 2H, J = 8.7Hz), 7.56-

7.166 (m, 10H); 3]P NMR (121.5 MHz): 8 143.05; 13C-ATP (75.465 MHz): 148.88 (d, Jcp = 

6.11 Hz), 147.52 (d, Jcp = 4.8Hz), 146.84 (d, Jcp = 1,4Hz), 145.80 (s), 142.71 (d, Jcp = 7.3Hz), 

133.022 (s), 132.75 (s), 132.01(s), 131.55 (s), 130.97 (s), 130.36 (s), 129.29 (s), 128.67 (d, Jep 

== 4.8Hz), 128.48 (s), 127.945 (s), 127.83 (s), 127.28 (s), 127.19 (s), 126.80 (s), 126.67 (s), 

125.688 (s), 125.49 (s), 124.49 (s) 121.77 (s), 121.59 (s). HRMS (FAB+): m/z calcd. for 

C25H17NO3PP ([MH f]): 410.0946; obsd.: 410.0938; anal, calcd. for C25H|6N03P: C, 73.35; H, 

3.94;; N, 3.42. Found: C, 73.64; H, 4.38; N, 3.05. 

Catalysis s 

TheThe hydroformylation experiments were performed as follows.' A stainless steel 25 ml 

autoclave,, equipped with a teflon stirring bar, was charged with 0.42 umol of 

[Rh(acac)(CO)2]]  (80 °C) and [HRh(PPh3)3(CO)] (25 °C), 10.4 umol of phosphine and 0.017 

mll  of dipea in 4.0 ml of toluene. The solution was incubated for 1 under 20 bar CO/H2 (1:1). 

Thee pressure was reduced to 1 bar and a mixture of 0.34 ml 1-octene (styrene) and 0.17 ml of 

decanee in 0.67 ml of toluene was added. Subsequently the CO/H2 pressure was repressurized 

too 20 bar. The mixture was stirred at for 2 hours (80 °C) and 43 hours (25 °C). Then the 

autoclavee was cooled down to 0 °C in an ice bath and the pressure was reduced to 1.0 bar. 
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Thee samples withdrawn from the autoclave were analyzed by GC. A sample was taken and 

thee conversion was checked by GC measurement of the crude product after filtration over a 

plugg silica to remove the catalyst. The crude product mixture of styrene was subjected to 

reductionn with NaBH4 by stirring in 5.0 ml methanol for 30 minutes. Quenching with water, 

extractionn with a solution of ethyl acetate/hexane = 1/1, drying of the organic layer, 

filtrationsfiltrations and removal of solvent gave the corresponding alcohols, for which the 

enantiomericc purities were determined by chiral GC (Cyclosil-B, isothermal; T = 90 °C, tR 

(R)== 63.5 min. and ts (S) = 64.8 min.). 

AsymmetricAsymmetric hydrogenation reactions were performed as follows. A stainless steel 150 ml 

autoclave,, equipped with 15 vessels and teflon stirring bars in each vessel was charged with 

0.55 nmol of [Rh(nbd)2(BPli4)], 1.5 umol of phosphine, 1.5 umol of porphyrin, 1.0 ul of dipea, 

1000 umol dimethyl itaconate and 50 umol of decane in 0.5 ml of toluene. The H2 pressure 

wass adjusted to 5 bar, without incubation. The mixture was stirred, for 15 hours at 40 °C. 

Thenn the autoclave was cooled down to 0°C and the pressure was reduced to 1.0 bar. The 

conversionn was checked by GC measurement of the crude product after filtration over a plug 

off  magnesium sulfate and silica. Enantiomeric purities were determined by chiral GC 

(Chirasil-L-Val,, isothermal; T = 70 °C, tR (R)= 34.4 min. and ts (S) - 35.2 min.). 

TheThe allylic alkylation experiments were performed as follows. Under Schlenk conditions 0.50 

umoll  of [Pd(allyl)Cl]2, 3.0 umol phosphite and 3.0 umol phosphine were dissolved in 5.0 ml 

off  CH2Cb and stirred for 30 minutes. Respectively, 50 umol 1,3-diphenyl-allyl acetate, 150 

(imoll  dimethylmalonate, 150 umol BSA and 50 umol decane and a pinch of KOAc were 

added.. The mixture was stirred for 64 hours at 25 °C and subsequently stopped by adding a 

saturatedd ammonium chloride solution of water. Subsequently, 5.0 ml of petroleum ether was 

addedd and the solution was washed once more with a saturated NH4C1 solution. The organic 

phasee was dried over Na2S04, filtered and the conversion was checked by GC measurement. 

Thee solution was chromatographed (Si02; petroleum ether/CH2Cl2 = 1/1) to give analytically 

puree products.22 Enantiomeric purities were determined by chiral HPLC (OD column, eluens 

0.55 % isopropanol in hexane tR (R)= 33.2 min. and ts (S) = 34.9 min.). 
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