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3.11 Introduction 

Inn the last two decades, the development of homogeneous catalysts has been undoubtedly the 

exploitationn of the effects that ligands exert on the properties of metal complexes. Steric and 

electronicc properties of ligands play a key role in determining reactivity trends of 

organometallicss and they determine the properties of catalysts.12 Several reports describe the 

correlationn between electronic properties of substituents on the aryl groups of donor atoms 

andd the selectivity or activity of transition metal catalyst.3 The ^-values are a popular measure 

too quantify these electronic effects.4 To describe the steric properties of monodentate ligands 

severall  quantitative parameters such as Tolman's cone angle5 have been introduced. Tolman 

showedd that steric effects of ligands on reactions or properties of metal complexes are at least 

ass important as electronic effects. Since then, numerous studies have appeared using both 

electronicc and steric parameters for the determination of the ligand properties.6-7 In other 

approachess the separation of steric and electronic effects of ligands has been attempted by 

Gieringg using the QALE method/ and by using Drago the ECW model.9 

Severall  important homogeneous catalysts now utilize bidentate ligands for which the 

traditionall  models of electronic and steric properties are no longer sufficient to describe the 

ligandd properties. A few attempts to quantify the properties of diphosphine ligands have been 

reported.. The natural bite angle of a ligand has been shown to be an important parameter that 

describess the "ligand-preferred" P-M-P angle.10 The use of computer models is required in 

orderr to calculate the ligand bite-angles, which can be used for the design of new ligand 

systems.. The bite angle effect is not only based on steric effects, but also on electronic 

influences,, as the P-M-P angle clearly affects the ligand binding to the metal thus changing 

thee stability of the complex or intermediate states.IObc" Models that focus on describing the 

stericc properties of bidentate ligands include the pocket angle concept,12 the solid angle,13 and 

thee accessible molecular surface model.14 Nowadays, computational chemistry becomes more 

powerfull  and high-level calculations have also been used to understand ligand effects in 

catalysis.1516 6 

Thee methods and models described above are very useful in understanding ligand effects in 

certainn catalytic reactions. The variation of steric and electronic parameters of monodentate as 

welll  as of bidentate ligands has been used to optimize many catalytic reactions and has 

provenproven to influence strongly key features of catalysts, like activity, selectivity and 

stability.. '8 For example, in the rhodium-catalyzed hydroformylation of 1-octene, using 

mono-- and bidentate phosphine ligands, electron withdrawing substituents on the aryl ring of 

thee phosphorus donor atom increased the activity of the reaction as well as the selectivity.19 In 

thee palladium-catalyzed arylation of alkenes bulky phosphorus amidite ligands yielded very 

fastt catalysts. Both electronic and steric parameters of these ligands were found to be 
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extremelyy important. The ligand has to be sufficiently bulky to form monoligated palladium 

complexess to give active catalysts, but ligands that are too large retard the catalyst.20 

Thee preparation of monodentate ligands, like phosphines, phosphites and phosphoramidites, is 

welll  established.21 Nevertheless, every single ligand has to be synthesized individually and 

thee preparation of series of ligands can be time-consuming. Moreover, the synthesis of 

bidentatee compounds is generally more complex, especially when chiral entities are required 

forr enantioselective catalysis.22'23 Therefore, new strategies in ligand preparation, that will 

simplifyy the procedures are very interesting and will expand the scope of ligands and their 

applicationss in catalysis. Most attempts in this direction focus on synthetic procedures; an 

alternativee strategy is to incorporate a supramolecular approach in the preparation of new 

ligandd systems. 

Wee recently reported the self-assembly of encapsulated transition metal catalysts." Simple 

zinc(II)) porphyrin building blocks have been assembled on pyridine phosphorus ligands, 

usingg selective nitrogen-zinc interactions. It has been shown that the encapsulation of 

transitionn metal catalyst leads to mono-coordinated species, which together with the enclosing 

effect,, resulted in a significant change of the catalyst properties.24 This has been extended to 

thee assembly of pyridine phosphorus ligands on bisporphyrin templates, which resulted in the 

formationn of in situ chelating bidentate ligands with typical bidentate behavior such as modest 

increasee in (enantio)selectivity in the rhodium-catalyzed hydroformylation." 

steric c 

electronic c 

chiral l 

Figuree 1. Schematic representation of the assembly of a phosphorus ligand on a zinc(ll) porphyrin 
templatee molecule. 

Ass part of our supramolecular strategy we report a method to change the electronic and steric 

propertiess of ligands using the self-assembly of pyridine and amine functionalized phosphorus 

ligandss on zinc(II) porphyrin template molecules (figure 1). Upon variation of the steric and 

electronicc properties of the zinc(II) porphyrin templates as well as the phosphorus ligands, a 
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seriess of new, supramolecular ligands has been constructed. NMR, IR and UV-vis 

spectroscopyy have been used to study the selective metal-ligand interactions and to quantify 

thee steric and electronic properties of these supramolecular ligands. In transition metal 

catalysiss the different supramolecular ligands change key features like activity and 

(enantio)selectivityy in several reactions such as the rhodium-catalyzed hydroformylation, 

asymmetricc hydrogenation, and the asymmetric palladium-catalyzed allylic alkylation. In 

addition,, a first attempt to change the chiral environment around the catalyst via assembly of a 

chirall  building block is presented, leading to a new class of chiral catalysts. With the goal in 

mindd to study supramolecular catalysts hold together by non-covalent interactions and having 

differentt steric and electronic properties. 

3.22 Results and Discussion 

TheThe assembly of phosphorus ligands and zinc(II) porphyrin building blocks 

Too study our approach of using non-covalent interactions to prepare supramolecular ligands, 

withh different steric and electronic properties, we synthesized several phosphorus ligands 

functionalizedd with a nitrogen donor atom and zinc(II) porphyrins (chart 1). Zinc(II) 

porphyrinn la-f were prepared according to stand procedures26'27 and the phosphite ligands 2-4 

weree obtained via a reaction of the phosphorochloridite28 with 3-hydroxypyridine in high 

yields.. All new compounds were fully characterized with 'H-NMR, 3IP-NMR and '3C-NMR 

spectroscopy,, elemental analysis and mass-spectroscopy. 

3:: (S) R1 = SiMe3 4 

Chartt 1. 
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Thee coordination behavior of pyridine phosphorus ligands 2 to meso-phenyl zinc(II) 

porphyrinn la has been studied using NMR and UV-vis spectroscopy.29,30 The addition of la 

too a solution of 2 resulted in large upfield shifts of the protons on the pyridyl ring in 'H-NMR 

spectroscopyy (A5H1 = 5.7 ppm, A5H2 = 5.8 ppm), which is typical of axial binding of pyridine 

ligandss to zinc(Il) porphyrins (scheme l).24 Also in 3'P-NMR-spectroscopy a large shift to 

higherr field (A5P = 4.6 ppm) was observed on binding of 2 to zinc(II) porphyrin la. In the 

UV-viss spectrum of la a typical shift of the Q-bands of the porphyrin on the addition of 2 was 

observedd and the binding constant determined by UV-titrations, was found to be high (Ku.2 = 

1.3*103M-'). . 

Schemee 1. Assembly of (S)-(l,l'-binaphthyl-2,2'-diyl)-(3-pyridyl) phosphite 2 on meso-phenyl 
zinc(II)) porphyrin la. 

Thee binding of zinc(II) porphyrin building blocks via the nitrogen donor atom is very 

selectivee and therefore the phosphorus atom is available for coordination to catalytically 

activee transition metals. Mixing two equivalents la with in situ formed [Rh(acac)(2)2] yielded 

ann assembly in which the transition metal is embedded between the two porphyrin building 

blockss [Rh(acac)(2.1a)2], as was evident from the shifts in NMR-spectroscopy. Interestingly, 

inn the 3lP-NMR-spectra the addition of porphyrin la gave large chemical shift of the 

phosphite-signals,, from 8 = 151.3 ppm (doublet, Jp-Rh = 303 Hz) to 5 = 144.5 ppm (doublet, 

j p R hh = 304 Hz) (figure 2). The large shift of A§p = 6.8 ppm is attributed to a combination of 

effects:: changes in the electronic and steric properties of the phosphite and the ring current, 

causedd by the nearby complexation of zinc(II) porphyrin la. 
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Rh(acac)(2)2 2 

22 equiv. 1a 

Rh(acac)(2.1a)2 2 

1544 153 152 151 150 149 148 147 146 145 144 143 142 141 

Figuree 2. 'P-NMR-spectra before and after addition of tetraphenyl zinc(ll) porphyrin la, 
[Rh(acac)(2)2]]  (before) and [Rh(acac)(2.1a)2] (after). 

AssembliesAssemblies ofzinc(II) porphyrin and phosphorus ligands in transition metal catalysis. 

Thee supramolecular complexes based on the zinc(II) porphyrin l a and pyridyl phosphite 

ligandss 2 and 4 was studied in the rhodium-catalyzed hydroformylation of 1-octene (scheme 

2).3'' The experiments were carried out under 20 bar of syn-gas (H2/CO = 1/1) in toluene and 

thee results are depicted in table 1. The catalyst formed by ligand 2 yielded a moderate activity 

andd selectivity in the hydroformylation of 1-octene at 120 °C and as a side reaction substantial 

isomerizationn was found for this system. The assembly based on zinc(II) porphyrin l a and 2 

didd not influence the catalytic behavior and similar activity, selectivity and isomerization 

weree observed.32 The more bulky ligand 4 behaved completely differently and an increase in 

activityy and decrease in selectivity (1/b = 2.1) was found for this system compared to ligand 2. 

Thesee differences are explained by the exclusive formation of monoligated rhodium phosphite 

complexes,, as previously observed for other bulky phosphite ligands.33 Upon using assembly 

4*11 a an increase in activity and isomerization was observed. This shows that the assembly of 

zinc(II)) porphyrin templates to ligands with nitrogen donor atoms influences the performance 

off  the transition metal catalyst based on these ligands, which validated further studies on these 

assembledd ligand systems. 

H2/CO O ++ R " Y 
H"X > > 

Schemee 2. The rhodium-catalyzed hydroformylation of 1 -octene. 
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Tablee 1. Rhodium catalyzed hydrofoimylation of 1-octene using assemblies of pyridyl phosphite and 

zinc(II)) porphyrins template as ligands.'1 

ligand""  temp. (°C) T.O.F.c l_/_b_̂  isomers' [%] 

22 120 1.2*103 6.0 24.6 

2«laa 120 1.3*103 7.0 19.8 

44 80 2.3*103 2.1 21.6 

4»laa 80 3.0*  103 2J) 26J) 

(a)) [Rh(acac)(CO)2] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H, = 1/1), 1-octene/rhodium = 5160, 

inn none of the reactions hydrogenation was observed, (b) [phosphorus] = 2.1 mmol/1, [porphyrin] = 2.1 

mmol/1,, (c) T.O.F. = average turn over frequency = (mol aldehyde)(mol Rh) V , the reaction was stopped 

afterr 1 hour (d) 1/b = linear/branched, (e) percent isomerization to 2-, 3- and 4-octene based on converted 1-

octene. . 

ChangingChanging the electronic properties of phosphorus ligands 

Too study these new self-assembled ligands based on selective nitrogen-zinc interactions in 

moree detail, several zinc(II) porphyrins la-d were synthesized with different electron 

withdrawingg and donating substituents.26'27 The binding constants of zinc(II) porphyrins la-d 

too 4-pyridyldiphenylphosphine 7 (chart 2) in toluene were determined using UV-vis 

spectroscopy.. It was found that the porphyrin with the strongest electron withdrawing 

substituentss on the porphyrin yielded the highest binding constant (table 2) and a linear 

relationn between binding constants and the Hammett values34 was observed, with a p-value of 

0.2855 (figure 3). 

pp p Q <& 
a"oo Q"O a"o a"o 

55 6 7 8 

Chartt 2. 
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Tablee 2. Binding constants observed for several zinc(Il)porphyrin templates to 4-
pyridyldiphenylphosphinee 7 in UV-vis titrations and the corresponding IR-carbonyl frequencies of the 

assembliess after metal complexation [Rh(7)2(CO)C11. 

porphyrin n K(M' ) ) e(M"'' cm'1) logK K 4a 4a 

(a)) measured in dichloromethane, carbonyl region. 

|| 4 * -
AA AA 

AA ° 

A A 

"}} fi < 

^^L^^L fi 

^^ " 
&n_ &n_ 

^ ^ ^ 

^ ^ ^ 

^ ^ ^ 

-1.55 -1 -0.5 0 0.5 1 1.5 2.5 5 

4a 4a 

vv (cm')" 
l cc (OCH3-porphyrin) 
l bb (CH3-porphyrin) 
l aa (H-porphyrin) 

Idd (CF3-porphyrin) 

2.9*103 3 

3.7**  103 

6.1*103 3 

24.4**  103 

9.0**  103 

9.33 *103 

9.5**  103 

5.9*103 3 

3.469 9 
3.564 4 
3.785 5 
4.387 7 

-1.08 8 
-0.68 8 

0 0 
2.16 6 

1983 3 
1984 4 
1985 5 

1986/87 7 

Figuree 3. Plot log K versus 4rj for the reaction of zinc(II) porphyrin 1 a-d and 4-
pyridyldiphenylphosphinee 7. 

Thee different substituents on the zinc(II) porphyrin template la-d change the electron density 

off  the pyridine moiety ring fragment.26 Therefore, also an effect in electron density on the 

phosphoruss donor atom is expected. Zinc(II) porphyrins containing more electron 

withdrawingg substituents wil l increase the electron withdrawing capacity of the pyridine-ring, 

whichh wil l result in a lower basicity of the phosphor donor atom. 4-Pyridyldiphenylphosphine 

77 and [Rh(CO)2(Cl)]2 were mixed in a 4/1 ratio to form in situ [Rh(7)2(CO)Cl] and 

subsequentlyy a stoichiometric amount of zinc(II) porphyrin la-d was added.35 The IR-spectra 

off  these assembled rhodium complexes show that addition of zinc(II) porphyrin changes the 

shiftt of the carbonyl ( v c o = 1982 cm"1) of [Rh(7)2(CO)Cl] to higher wave numbers (up to v c o 

== 1986 cm" ). The vCo-band shows a gradual shift with decreasing phosphine basicity (table 

2).. The lower electron density on the rhodium leads to a decrease in back bonding from the 

rhodiumm to the carbonyl ligand and hence higher CO stretching frequencies are observed. 

68 8 



ChapterChapter Three 

Moree electron withdrawing substituent on the zinc(II) porphyrin template yield higher vco-

bandd frequencies, which shows that indeed the electronic properties of the phosphine ligands 

cann be fine-tuned upon choosing proper template molecules. 

Forr comparison, when the strongly electron withdrawing tris(4-a,a,a-

trifluorotoluyl)phosphinee is used, the vco-band shifts to 1990 cm"1 compared to 

triphenylphosphine,, (vco = 1978 cm"1).35,36 These results show that the effects induced by the 

zinc(II)) porphyrin templates la-d are significant. For 4-pyridyldiphenylphosphine 7 the 

pyridinee is directly attached to the phosphorus and therefore changes on the nitrogen donor 

atomm were anticipated to affect the basicity of the phosphorus. Upon using a different spacer 

betweenn the phosphorus and the nitrogen one can envisage that electronic effects on the 

phosphoruss caused by the assembly of zinc(Il) porphyrin templates la-d can be much smaller. 

Indeed,, the use of 3-pyridylmethyldiphenylphosphine 8, similar building block as 7 but with a 

spacerr that has changed from 4-pyridine to 3-methylpyridine, shows that the carbonyl-peak in 

thee infrared of complex [Rh(8)2(CO)Cl] hardly changes upon assembling the zinc(II) 

porphyrinn templates la-d (vCo = 1979-1980 cm"1). The electronic communication between the 

nitrogenn and phosphorus donor atoms of the ligand regulates the changes in electronic 

propertiess caused by the templated assembly. 

Tablee 3. Rhodium catalyzed hydroformylation of 1-octene using assemblies of pyridylphosphine and 
zinc(U)porphyrinn templates as ligands.' 

ligand d 

7»lc c 
7»lb b 
7»la a 
7Hd d 
8«lc c 
8*lb b 
8«la a 
8*ld d 

conversionn (%)L 

56.0 0 
59.1 1 
59.6 6 
62.6 6 
74.7 7 
75.2 2 
75.1 1 
75.8 8 

T.O.F.d d 

2.7*103 3 

2.8*10--
2.8**  103 

3.0**  103 

3.5**  103 

3.5**  103 

3.6*10' ' 
3.6**  103 

l / b e e 

2.9 9 
2.9 9 
2.9 9 
2.9 9 
2.4 4 
2.3 3 
2.3 3 
2.4 4 

isomerss (%) 
1.9 9 

2.8 8 
2.9 9 
3.4 4 
1.1 1 
1.2 2 
0.7 7 
1.0 0 

(a)) [Rh] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H2 = 1/1), T = 80 °C, 1-octene/rhodium = 5160, 

inn none of the reactions hydrogenation was observed, (b) [phosphorus] = 0.84 mmol/1, [porphyrin] = 0.84 

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

frequencyy = (mol aldehyde)(mol Rh)'h ', the reaction was stopped after 1 hour (e) 1/b = linear/branched, (f) 

percentt isomerization to 2-, 3- and 4-octene based on converted 1-octene. 

Thee electronic effect of zinc(II) porphyrin templates la-d on 4-pyridyldiphenylphosphine 7 

andd 3-pyridylmethyldiphenylphosphine 8 were tested in the rhodium-catalyzed 

hydroformylationn 1-octene (table 3). The assemblies of zinc(II) porphyrin la-d and 4-

pyridyldiphenylphosphinee 7 show a small but distinct trend in conversion (7»lc < 7»lb < 
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7»laa < 7»ld). The assembly of more electron withdrawing zinc(II) porphyrin templates on 7 

showw a small increase in conversion in the rhodium-catalyzed hydroformylation of 1-octene. 

From,, the infrared spectra we know that this results in less basic phosphines. In literature a 

similarsimilar trend has been reported by variation in a covalent manner."5 For 3-

pyridylmethyldiphenylphosphinee 8 the differences in conversion are nil as is observed upon 

variationn of zinc(II) porphyrin la-d. This is expected for these assembled systems, since the 

rhodiumm chloride carbonyl complexes based on 8 and la-d showed almost identical infrared 

COO stretching frequencies. The catalytic results obtained for the assemblies based on zinc(ll) 

porphyrinn la-d and ligands 7 and 8 show that the spacer between the nitrogen and phosphorus 

donorr atoms is of great importance for the small but distinct electronic influences on the 

phosphoruss induced by the assembly process. 

ChangingChanging the steric properties of phosphorus ligands 

Thee second reaction that was tested using these supramolecular ligands was the rhodium-

catalyzedd hydrogenation of dimethyl itaconate to dimethyl succinate (scheme 3). The 

supramolecularr ligands were based on the assembly of (S)-(3,3'-bis(trimethylsilyl)-l,r-

binaphthyl-2,2'-diyl)-(3-pyridyl)) phosphite 3 and zinc(II) porphyrins la-f. Ligand 3 shows 

loww conversion and enantioselectivity in the hydrogenation of dimethyl itaconate (table 4). In 

contrastcontrast the assemblies based on zinc(II) porphyrin template la-d and ligand 3 give higher 

conversionn and enantioselectivity. Electron-withdrawing substituents on the zinc(II) 

porphyrinn la-d have a positive effect on the activity, twelve-fold increase for the most 

electron-withdrawingg zinc(II) porphyrin Id is observed. Interestingly, the assembly of Id to 3 

increasess also the enantioselectivity from 16 % to 50 % (R). 

[Rh]] \ . H H / 

MeOOCTT ^ C O O M e ~ ^ * M e O O C X - C M e + MeOOC^00™6 

(S)) (R) 
Schemee 3. The rhodium-catalyzed hydrogenation of dimethyl itaconate. 

Ass described above a clear electronic effect has been observed in catalytic behavior on 

variationn of substituents on the zinc(II) porphyrin la-d. Changes of the steric bulk on the 

zinc(II)) porphyrin template is also anticipated to affect the assembly to the ligand and the 

catalyticc behavior. The more bulky ligand assemblies 3»le and 3»lf were also tested in the 

rhodium-catalyzedd hydrogenation of dimethyl itaconate. It is noteworthy that the different 

stericc groups of zinc(II) porphyrins le and If have different x-values and therefore changes 

onn steric bulk will also influence the electronic properties of the assembled ligand system. 
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Thee assembled 3»le yielded no enantioselectivity and a low conversion. This can be 

explainedd by the strong electron-donating capacity of the methoxy groups of le; a direct 

effectt on the increase of steric bulk is not observed. In contrast, the more bulky ligand 3»lf 

alteredd the enantiomeric excess up to 40 % (R) albeit a low conversion. Both the increase in 

enantioselectivityy and decrease in activity cannot be explained by the electronic effect only 

andd is assigned to the increase of steric bulk. 

Tablee 4. Hydrogenation of dimethyl itactonate using different rhodium catalyst assemblies: variation 
off  zinc(lI)porphyrin template/ 

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

33 1.6 16 (R) 
3.1aa 8.1 33 (R) 
3.1bb 6.2 21 (R) 
3.1cc 4.3 31 (R) 
3-ldd 18.8 50 (R) 
3«lee 2.5 2 (R) 
3»lff 3_1 40 (R) 

(a)) [Rh(nbd)2(BPh4)] = 1.0 mmol/1, [dimethyl itaconate] = 100 mmol/1, pressure = 5 bar hydrogen, T = 40 

°C,, (b) [phosphite] = 3.0 mmol/1, [porphyrin] = 3.0 mmol/1, (c) the reaction was stopped after 17 hours (d) 

e.e.. = percent enantiomeric excess. 

Thee use of non-covalent selective metal-ligand interactions in order to change ligand 

propertiess can be easily extended to bidentate ligands (chart 3). The well studied chiral (2S, 

4S)-(-)-4-(diphenylphosphino)-2-(diphenylphosphinomethyl)-pyrrolidinee 937 binds to zinc(II) 

porphyrinss via axial coordination of the nitrogen donor atom in the pyrrolidine ring to the 

zinc(II)-ion.. 'H-NMR spectroscopy in chloroform-d showed a large shift for the pyrrolidine-

protonss of 9 on addition of one equivalent of meso-phenyl zinc(II) porphyrin la, as is typical 

off  this type of binding. Also the 3lP-NMR-spectra resulted in large chemical shifts, A8P(2"pph2 

== 4.3 ppm (figure 4). 
Me2N N 

P h 2 p V ^ xx PPh2 

PPh2 2 Fe e 

HH C ^ P P , 

10:: (racemic) 11 

Chartt 3. 
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0 - 22 4 - 6 - 8 -10 -12 -14 -16 -18 -20 -22 -24 -26 

Figuree 4. ""P-NMR-spectra in absence and presence of meso-phenyl zinc(II) porphyrin la of (2S, 4S)-

(-)-4-(diphenylphosphino)-2-(diphenylphosphinomethyl)-pyrrolidine9. . 

Zinc(II )) porphyrins la, l e and I f were used to form new ligand assemblies with diphosphine 

9,, which were tested in the rhodium-catalyzed hydroformylation of styrene. As is shown in 

tablee 5, the catalyst based on bidentate ligand 9 resulted in moderate enantioselectivity 19 % 

(S)-productt and activity in the hydroformylation of styrene. The ligand assembly based on 

zinc(II)) porphyrin 9»la resulted in small increase in enantioselectivity and decrease in 

activity.. Electronic changes on the phosphorus caused by the assembly of the zinc(II) 

porphyrinn template are considered to be very small, since the use of meso-p-CF3-phenyl 

zinc(II)) porphyrin Id yielded similar results as la. Increasing the bulk of the porphyrin 

buildingg blocks to l e and If, the enantioselectivity further improved to 29 % (S) for If, at the 

costt of a lower activity and lower branched to linear ratio. These results indicate that variation 

off  steric bulk around the catalyst introduced via non-covalent interactions using different 
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porphyrinn building blocks changes the ligand and the catalytic properties of both mono- and 

bidentatee ligands considerably. 

Tablee 5. Hydroformylation of styrene using chiral diphosphorus: variation of zinc(II)porphyrin 
templatee with different steric bulk.'1 

ligandb b 

9 9 
9»la a 
9«le e 
9»lf f 

conversion' ' 

54 4 
25 5 
15 5 
9 9 

(%) ) T.O.F.'' ' 

14.2 2 
6.7 7 
4.0 0 
2.3 3 

b/lc c 

5.2 2 
5.6 6 
3.9 9 
2.4 4 

e.e.r(%) ) 

199 (S) 
233 (S) 
266 (S) 
299 (S) 

(a)) [Rh] = 0.33 mmol/1 in toluene, pressure = 20 bar (CO/H2 = 1/1),T = 40°C, styrene/rhodium = 1750, in 
nonee of the reactions hydrogenation was observed, (b) [phosphine] = 1.67 mmol/1, [porphyrin] = 1.67 

mmol/1,, (c) percent conversion, the reaction was stopped after 66.5 hours (d) T.O.F. = average turn over 
frequencyy = (mol aldehyde)(mol Rh)"'h"', (e) b/1 = branched/linear, (0 e.e.= enantiomeric excess (%). 

IntroducingIntroducing a chiral environment around a non-chiral catalyst 

Inn the previous section we described the fine-tuning of enantioselective catalysts by the 

introductionn of steric bulk around a chiral catalyst via non-covalent interactions. An even 

greaterr challenge would be the introduction of a chiral environment around a non-chiral 

catalystt via a selective assembly process, resulting in an enantioselective catalyst assembly. 

Towardss this goal, chiral zinc(II) porphyrin building blocks based on octahydro-l,4:5,8-

dimethylanthracenee a-d were synthesized (chart 4).38 This type porphyrins is known to be 

veryy selective in the ruthenium- or manganese-catalyzed epoxidation39 and cyclopropanation 

off  alkenes. The crystal structure of the zinc(II) porphyrin a shows that the chiral moieties are 

highlyy symmetrically positioned around the core of the porphyrin and molecular modeling 

suggestss that there is enough space for axial ligand coordination to the zinc metal (figure 5). 

Chartt 4. 
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Figuree 5. Crystal structure of zinc(II)-complex of chiral meso-tetrakisoctahydro-l,4:5,8-
dimethylanthracenee porphyrin a (left) and modeled structure of the assembly of a (white) and 4-

pyridyldiphenylphosphinee 7 (dark gray) (right). 

Indeed,, zinc(II) porphyrin a coordinates to selectively to ligands 6-8, as determined with UV-

viss spectroscopy titrations in toluene (table 6).4' 4-Pyridyldiphenylphosphine 7 has the 

strongestt affinity for a (K = 3.5*103 M"1) and the binding constant of 3-

pyridyldiphenylphosphinee 6 is approximately a factor three lower (K = 8.7*  102 M"1). A 

similarr trend for these type of ligands was already observed when meso-tetrakisphenyl 

zinc(II)) porphyrin la was used.24 Titrations monitored with UV-vis spectroscopy to determine 

bindingg constant between chiral zinc(II) porphyrins a-d and 4-pyridyldiphenylphosphine 7 in 

toluenee showed that electron withdrawing substituent X on the porphyrin resulted in higher 

bindingg constant (OMe < Me < H < CF3) (table 7), which corroborates with the results 

obtainedd for 7 and zinc(II) porphyrin la-d. A similar linear relation between binding 

constantss and the Hammett values is also observed, with a corresponding electronic 

dependencee value of p = 0.201 (figure 6), which is comparable with the electronic 

dependencee of the binding for zinc(II) porphyrins found in literature.42 

Tablee 6. Binding constants and extinction-coefficients observed for several pyridylphosphine ligands 
onn zinc(II)porphyrin template a in UV-vis titrations. 

ligand d K(M~') ) £),(M""  cm'1) 

6»a a 
7»a a 
8*a a 

0.87*103 3 

3.5**  103 

1.6**  103 

6.4**  10J 

8.2**  103 

9.2*103 3 
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Tablee 7. Binding constants and extinction-coefficients observed for several zinc(II)porphyrin 
templatess a-d to 4-pyridyldiphenylphosphine 7 in UV-vis titrations. 

porphyrin n 

(R)-OCH3-Zn-- porphyrin c 
(R)-CH3-Zn-- porphyrin b 

(S)-H-Zn-porphyrinn a 
(S)-CFi-Zn-- porphyrin d 

K(M"' ) ) 

2.2**  103 

2.8*103 3 

3.5*10' ' 
10.0*10' ' 

ee (M"1 cm"1) 

11.11 * 103 

9.9**  103 

8.2**  103 

5.5**  103 

logK K 

3.346 6 
3.444 4 
3.545 5 
4.000 0 

4o o 
-1.08 8 
-0.68 8 

0 0 
2.16 6 

Figuree 6. Plot log K versus 4o for the reaction of zinc(II) porphyrin a-d and 4-
pyridyldiphenylphosphinee 7. 

Too study the effect of the chiral environment obtained by association, assemblies based on 

zinc(II)) porphyrin a and 4-8 were tested as ligands in the palladium-catalyzed asymmetric 

allyli cc alkylation reaction (scheme 4). Table 8 shows that the chiral zinc(II) porphyrin 12 was 

nott active in the palladium-catalyzed allylic alkylation and that the palladium complexes 

basedd on triphenylphosphine 5 in the presence of a did not induce enantioselectivity. The 

assemblyy of pyridine phosphite ligand 4 and chiral zinc(II) porphyrin a resulted in an 

enantioselectivityy of 8.4 % (S) and a concomitant low activity. The latter was altered upon 

usingg pyridylphosphine 6-8 as ligands for the assembly with a and complete conversion was 

observedd in all cases. The enantiomeric excesses for the assemblies of zinc(II) porphyrin a 

andd phosphine ligands 6-8 are found to be comparable with the result obtained for the 

assemblyy 4»a. Changing the electronic properties of the ligand assembly with the use of 

zinc(II)) porphyrin building blocks a-d and 4-pyridyldiphenylphosphine 7, does not affect 

enantioselectivityy in the palladium-catalyzed allylic alkylation. However, the use of the 

assembliess based on the (R)-enantiomer as zinc(II) porphyrin template 7»c and 7«b yields the 

otherr enantiomer in the palladium catalyzed allylic alkylation, compared to the (S)-
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enantiomerr 7«a and 7»d. Although the chiral inductions in palladium-catalyzed allylic 

alkylationn found for the assemblies based on monodentate phosphorus ligands 4-8 on the 

chirall  zinc(II) porphyrins a-d do not exceed 10 %, the enantiomeric excesses obtained do 

showw that it is possible to create a chiral catalyst in this way. This tool can be extended to 

bidentatee phosphorus ligands with nitrogen donor atoms, racemic 10 and nixanthphos 11 

(chartt 3).  These bidentate phosphorus ligands have been assembled on zinc(II) porphyrin 

templatee d with concomitant binding constants of (K,o.d = 515 M"1) and (Kn.d = 150 M'1), as 

determinedd by UV-vis spectroscopy titrations in toluene. These ligand assemblies were tested 

inn the palladium-catalyzed asymmetric allylic alkylation and it was found that the 

supramolecularr ligands 10»d and l l»d resulted moderate enantioselectivities, up to 18.6 %. 

Comparedd to chiral duxantphos45 the enantioselectivities are lower in this reaction, which is 

mostt likely cost by less ideal positioning of diphosphorus ligands 10 and 11 in the chiral 

environment.. However, the effect in asymmetric catalysis can be altered via improvement of 

thee design on the associated chiral ligand systems. 

M e ( X / \ , O M ee [Pd(allyl)CI]2^ P h ^ ^ x ^ P h 
\\ IT BSA / KOAc" 

OAcc  inCH2CI2 M e O ^ A r j M e 

OO O 

Schemee 4. Palladium-catalyzed allylic alkylation. 

Tablee 8. Palladium catalyzed allylic alkylation of 1,3-diphenyl-allylacetate, various ligand assemblies 
onn a chiral zinc(H)porphyrin templates." 

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

0 0 
8.55 (S) 

0 0 
9.44 (S) 
8.00 (R) 
9.55 (R) 
8.66 (S) 
7.88 (S) 
5.33 (S) 
18.44 (S) 
12.22 (S) 

(a)) [[Pd(allyl)Cl]2] = 0.100 mmol/1, T = 25 °C, (b) [phosphite] = 0.6 mmol/1, [porphyrin] = 0.6 mmol/1, (c) 
thee reaction was stopped after 24 hours, (d) e.e. = percent enantiomeric excess. 

a(S) ) 

4»aa (S) 

55 + a(S) 

6»aa (S) 

7»cc (R) 

7«bb (R) 

7»aa (S) 

7«dd (S) 

8«aa (S) 

10«dd (S) 

ll»d(S) ) 

0 0 
30 0 
>99 9 
>99 9 
>99 9 
>99 9 
>99 9 
>99 9 
>99 9 
>99 9 
>99 9 
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3.33 Conclusion 
Non-covalentt interactions have been used to prepare supramolecular ligands. The 

constructionn of these ligands is based on selective metal-ligand interactions, which have been 

usedd in order to obtain well-defined catalyst assemblies. Simple building blocks, like zinc(II) 

porphyrinn template molecules and phosphorus ligands containing nitrogen donor atoms have 

shownn to yield fascinating supramolecular ligand systems, which are used as a new tool to 

modifyy key catalyst properties, such as activity and selectivity. The major advantage of this 

non-covalentt approach is the easy ligand variation and accessibility of a large number of new 

ligandd systems by variation of template molecules and phosphorus nitrogen building blocks. 

Thiss supramolecular tool enables simple modification of steric and electronic functionalities 

onn the backbone of ligand and template molecule. Importantly, modifications of these 

propertiess in a supramolecular fashion have similar effects as those introduced via covalent 

linkedd functionalities. In the rhodium-catalyzed hydroformylation of 1-octene small but 

distinctt changes have been observed, when different electron-donating and withdrawing 

zinc(II)) porphyrin building blocks were used for the catalyst assemblies. Interesting changes 

havee also been observed in the enantioselective rhodium-catalyzed hydrogenation of dimethyl 

itaconate.. The ligand assemblies based on zinc(II) porphyrin with electron-withdrawing 

substituentss led to a twelve fold increase of activity and an increase of enantioselectivity from 

177 to 50 %. The first examples of assemblies based on non-chiral ligands and chiral zinc(II) 

porphyrinn template molecules have proven to be successful in yielding enantiomeric excess in 

thee palladium-catalyzed asymmetric allylic alkylation (e.e. = 18.6 %). Although the 

enantioselectivitiess observed so far are low, the template directed assembly of ligands in a 

chirall  environment is promising. The use of non-covalent interactions in order to construct 

supramolecularr ligands simplifies the preparation of new (chiral) ligand systems, which 

enabless novel (chiral) catalyst systems. 

3.44 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; CH2CI2, isopropanol and methanol were distilled 

fromm CaH2 and toluene was distilled from sodium under nitrogen. NMR spectra (1H, 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 
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matrix.. Elemental analyses were obtained on an Elementar Vario EL apparatus. UV-vis 

spectroscopyy experiments were performed on a HP 8453 UV/Visible 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 Chiralcel-OD column 

(0.466 x 25 cm). Molecular modeling was performed using semi-empirical (AMI ) calculations 

onn 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: zinc(II) porphyrins la-f,2627 

phosphorochloridite,288 chiral zinc(II) porphyrin a-d,38pyridylphosphines 6-8,4647 (2S, 4S)-(-)-

4-(diphenylphosphino)-2-(diphenylphosphinomethyl)-pyrroIidinee 9,37 2-((dimethylamino)-

methyl)-l-r-bis-(diphenylphosphino)ferrocenee 1043 and nixantphos ll. 44 

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

3-Hydroxypyridinee (1.44 g, 15.1 mmol), azeotropically dried with toluene (3x5 ml), and 

triethylaminee (2.3 ml, 16.6 mmol) were dissolved in THF (40 ml) and the solution was cooled 

too -40 °C. Freshly prepared (S)-2,2'-binaphtol phosphorochloridite (5.3 g, 15.1 mmol) was 

dissolvedd in THF (20 ml) and added dropwise. The cooling bath was removed and the 

solutionn was allowed to warm to room temperature, stirring was continued for 1 hour. The 

reactionn mixture was filtered and the solvent evaporated. A mixturee of toluene/hexane 1/3 (40 

ml)) was added to extract the product. After filtration the solvent was removed in vacuo, 

givingg 2 (5.4 g, 13.2 mmol, 87 %) as a white 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, 

JJ = 8.7Hz), 7.56-7.16 (m, 10H); 3,P NMR (121.5 MHz): 8 143.05; l3C (75.465 MHz): 148.88 

(d,, Jcp = 6.1 Hz), 147.52 (d, Jcp = 4.8Hz), 146.84 (d, Jcp = 1,4Hz), 145.80 (s), 142.71 (d, Jcp = 

7.3Hz),, 133.02 (s), 132.75 (s), 132.01(s), 131.55 (s), 130.97 (s), 130.36 (s), 129.29 (s), 128.67 

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

(s),, 125.68 (s), 125.49 (s), 124.49 (s) 121.77 (s), 121.59 (s). HRMS (FAB+): m/z calcd. for 

C25H17N03PP ([MH+]): 410.0946; obsd.: 410.0952; anal, calcd. for C25H16N03P: C, 73.35; H, 

3.94;; N, 3.42. Found: C, 73.20; H, 4.16; N, 3.25. 
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SynthesisSynthesis of(S)-(3,3 '-bis(trimethylsilyl)-I,l '-binaphthyl-2,2 '-diyI)-(3-pyridyl) phosphite 3 

Thiss compound was prepared as described for 2, using freshly prepared (S)-3,3'-

bis(trimethylsilyl)-2,2'-binaphtoll  phosphorochloridite. Yield (66 %) as a white solid: 'H NMR 

(3000 MHz): 8 8.30 (d, 1H, J = 2.7Hz), 8.27 (d, 1H, J - 5.1 Hz), 8.08 (d, 2H, J = 2.7Hz), 7.92 

(dd,, 2H, J = 2.7, 8.1 Hz), 7.45-7.40 (m, 2H), 7.39-7.31 (m, 1H), 7.26-7.09 (m, 5H), 0.43 (s, 

9H),, 0.38 (s, 9H); 3IP NMR (121.5 MHz): 5 138.99; HRMS (FAB+): m/z calcd. for 

C3,H33N03PSi22 ([MH+]): 554.1737; obsd.: 554.1725; anal, calcd. for C31H32N03PSi2: C, 

67.24;; H, 5.82; N, 2.53. Found: C, 67.18; H, 5.89; N, 2.42. 

SynthesisSynthesis of (3,3 '-5,5 '-tetra-tert-butyl-lj '-biphenyl-2,2'-diyl)-(3-pyridyl) phosphite 4 

3-Hydroxypyridinee (0.95 g, 10 mmol), azeotropically dried with toluene (3x2 ml), and 

triethylaminee (1.4 ml, 10 mmol) were dissolved in THF (20 ml) and the solution was cooled 

too 0 °C. Freshly prepared 3,3'-5,5'-tetra-te/7-butyl-l,r-biphenol phosphorochloridite (4.75 g, 

100 mmol) was dissolved in THF (20 ml) and added drop wise, stirring was continued for 10 

minutes.. The cooling bath was removed and the solution was allowed to warm to room 

temperature,, stirring was continued for 1 hour. The reaction mixture was Filtered and the 

solventt evaporated. A mixture of toluene/hexane 1/3 (40 ml) was added to extract the product. 

Afterr filtration the solvent was removed in vacuo, giving 4 (3.4 g, 6.4 mmol, 64 %) as a white 

solid:: 'H NMR (300 MHz): 5 8.39 (d, 1H, J = 2.4Hz), 8.31 (dd, 1H, J = 2.4, 4.2Hz), 7.45 (d, 

2H,, J = 2.7Hz), 7.22-7.19 (m, 1H), 7.18 (d, 2H J = 2.7Hz), 7.16-7.12 (m, 1H), 1.47 (s, 18H), 

1.355 (s, 18H);31PNMR(121.5MHz):5 137.49; 13C (75.465 MHz): 147.34(C), 145.72 (CH), 

142.922 (CH), 140.37 (C), 132.86 (C), 127.95 (CH), 127.90 (C), 126.94 (CH), 125.29 (CH), 

124.74(C),, 124.16 (CH), 35.66(C), 34.93 (C), 31.75 (CH), 31.39 (CH). HRMS (FAB+): m/z 

calcd.. for C33H45N03P ([MH+]): 534.3137; obsd.: 534.3147; anal, calcd. for C33H44N03P: C, 

74.27;; H, 8.31; N, 2.62. Found: C, 74.35; H, 8.27; N, 2.75. 

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],, 10.4 umol of phosphine and 0.017 ml of diisopropylethylamine, as a base, 

inn 4.0 ml of toluene. The solution was incubated for 1 hour under 20 bar CO/H2 (1:1) at 80 

°C.. The pressure was reduced to 1 bar and a mixture of 0.34 ml 1-octene (styrene) and 0.17 

mll  of decane in 0.67 ml of toluene was added. Subsequently the CO/H2 pressure was adjusted 

too 20 bar. The mixture was stirred with a magnetic stirring bar for 1 hour (80 °C or 120 °C) 

andd 18 hours (40 °C). Then the autoclave was cooled to 0 °C in ice and the pressure was 

reducedd to 1.0 bar. The products were analyzed by GC. A sample was taken and the 

conversionn was checked by GC measurement of the crude product after filtration over a plug 
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silicaa to remove the catalyst. The crude product mixture of styrene was subjected to reduction 

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

withh a solution of ethyl acetate/hexane = 1/1, drying of the organic layer, filtrations and 

removall  of solvent gave the corresponding alcohols, for which the enantiomeric purities were 

determinedd by chiral GC (Cyclosil-B, isothermal; T = 90 °C, tR (R)= 63.5 min. and ts (S) = 

64.88 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 îmol phosphine were dissolved in 5.0 ml 

off  CH2CI2 and stirred for 30 minutes. Respectively, 50 umol 1,3-diphenyl-allylacetate, 150 

umoll  dimethyl malonate, 150 umol BSA and 50 umol decane and a catalytic amount of 

KOAcc were added. The mixture was stirred for 24 hours at 25 °C and subsequently stopped 

byy adding a saturated ammonium chloride solution of water. Subsequently, 5.0 ml of 

petroleumm ether was added and the solution was washed once more with a saturated NH4C1 

solution.. The organic phase was dried over Na2S04, filtered and the conversion was checked 

byy GC measurement. The solution was chromatographed (Si02; petroleum ether/CH2Cl2 = 

1/1)) to give analytically pure products.48 Enantiomeric purities were determined by chiral 

HPLCC (OD column, eluens 0.5 % isopropanol in hexane tR (R)= 33.2 min. and ts (S) = 34.9 

min.). . 

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

autoclave,, equipped with 15 vessels and teflon stirring bars, was charged with 0.5 umol of 

[Rh(nbd)2(BPh4)],, 1.5 umol of phosphine, 1.5 umol of porphyrin, 1.0 ul of dipea, 50 umol 

dimethyll  itaconate and 50 umol of decane in 0.5 ml of toluene. The H2 pressure was adjusted 

too 5 bar and the mixture was stirred with a magnetic stirring bar for 17 hours at 40 °C. Then 

thee autoclave was cooled to 0 °C and the pressure was reduced. The conversion was checked 

byy GC measurement of the crude product after filtration over a plug of magnesium sulfate and 

subsequentlyy 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.). 

80 0 



ChapterChapter Three 

3.55 References and Notes 

11 (a) Pruett, R. L.; Smith, J. A. J. Org. Chem. 1969, 34, 327. (b) Slaugh, L. H.; Mullineaux, R. D. J. 

Organomet.Organomet. Chem. 1968, 13, 469. (c) Brown, E. S. Aspects of Homogeneous Catalysis; Ugo, R., Ed.; 

Reidel:: 1974, 2, 57. (d) Cramer, R. D.; Jenner, E. L.; Stolberg, U. G. J. Am. Chem. Soc. 1963, 85, 1691. 

22 van Leeuwen, P. W. N. M.; Kamer, P. C. J.; Reek, J. N. H.; Dierkes, P. Chem. Rev. 2000, 100, 2741. 

33 (a) Hughes, O. R.; Young, D. A. J. Am. Chem. Soc. 1981, 103, 6636. (b) RajanBabu, T. V.; Casalnuovo, A. 

L.. Pure App. Chem. 1994, 66, 1535. (c) Benincori, T.; Rizzo, S.; Sannicolo, F. J. Hel. Chem. 2002, 39, 

471.. (d) Helmchen, G.; Pfaltz, A. Ace. Chem. Res. 2000, 33, 336. (e) Trzeciak, A. M.; Ziólkowski, J. J. 

Coord.Coord. Chem. Rev. 1999,190-192, 883. 

44 Tolman, C.A.J. Am. Chem. Soc. 1970, 92, 2953. 

55 Tolman, C. A. Chem. Rev. 1977, 77, 313. 

66 Bartik, T.; Himler. T.; Schulte, H. G-.; Seevogel, K. J. Organomet. Chem. 1984, 272, 29. 

77 Frim S. O.; Yankowsky, A. W. J. Org. Chem. 1977, 42, 716. 

88 Wilson, M. R.; Liu, H.; Prock, A.; Gierling, W. P. Organometatlks 1993, 12, 2044. 

99 Joerg, S.; Drago, R. S.; Sales, S. Organometallics 1998, 17, 589. 

100 (a) Casey, C. P.; Whiteker, G. T. hr. J. Chem. 1990, 30, 299. (b) Kranenburg, M.; Kamer, P. C. J„  van 

Leeuwen,, P. W. N. M.; Vogt, D.; Keim, W. Chem. Commun. 1995, 2177. (c) Goertz, W.; Keim, W.; Vogt, 

D.;; Englert, U.; Boele, M. D. K.; van der Veen, L. A.; Kamer, P. C. J.; van Leeuwen. P. W, N. M. J. Chem. 

Soc.Soc. Dalton Trans. 1998. 2981. 

111 Dierkes, P.: van Leeuwen, P. W, N. M. J. Chem. Soc. Dalton Trans. 1999, 1519. 

122 Koide, Y.; Bott, S. G.; Barron. A R. Organometallics 1996, 15, 2213. 

133 (a) Brown, T. L.; Lee, K. J. Coord Chem. Rev. 1993, 128, 89. (b) Brown, T. L. Inorg. Chem. 1992, 31, 

1286.. (c) White, D.; Taverner, B. C; Leach, P. G. L.; Coville, N. J. J. Organomet. Chem. 1994, 478, 205. 

(d)(d) White D.; Taverner, B. C; Coville, N. J.; Wade P. W. J. Organomet. Chem. 1995, 495, 41. 

144 Angermund, K.; Baumann, W.; Dinjus, E.; Fornika, R.; Görls, H.; Kessler, M.; Krijger, C; Leitner, W.; 

Lutz,, F. Chem.-Eur. J. 1997, 3, 755. 

155 Rappe, A. K.; Skiff, W. M.; Casewit, C. J. Chem. Rev. 2000, 100, 1435. (b) Cundari, T. R.; Deng, J.; Fu, 

W.;; Klinckman, T. R.; Yoshikawa, A. J. Chem. Inf. Camp. Sci. 1998, 38, 941. 

166 (a) Gonsalvi, L.; Adams, H.; Sunley, G. J.; Ditzel, E.; Haynes, A. J. Am. Chem. Soc. 2002, 124, 13597. (b) 

Carbó,, J. J.; Maseras, F.; Bo, C; van Leeuwen, P. W. N. M. J. Am. Chem. Soc. 2001. 123, 7630. (c) 

Haaren,, van R. J.; Oevering, H.; Coussens, B. B.; van Strijdonck, G. P. F.; Reek, J. N. H.; Kamer, P. C. J.; 

vann Leeuwen, P. W. N. M. Eur. J. Inorg. Chem. 1999, 1237. 

177 (a) Burch, R. Ace. Chem. Res. 1982, 15, 24. (b) Dupont, J.; Pfeffer, M.; Spencer, J. Eur. Inorg. Chem. 

2001,, 8, 1917. (c) Schnyder, A.; Hintermann, L.; Togni, A. Angew. Chem. Int. Ed. 1995, 34, 931. (c) 

81 1 



SupramolecularSupramolecular ligands; non-covalen! interactions as a new tool to modify catalyst properties 

Casey,, C. P.; Paulsen, E. L.; Beuttenmueller, E. W.; Proft, B. R.; Matter, B. A.; Powell, D. R. J. Am. Chem. 

Soc.Soc. 1999, 121,63. 

188 van Leeuwen, P. W. N. M.; Claver, C. (Eds.) Rhodium Catalyzed Hydroformylation, Kluwer Academic 

Publishers,, Dordrecht, 2000. 

199 (a) Moser, W. R.; Papile, C. J.; Brannon, D. A.; Duwell, R. A.; Weininger, S. J. J. Mol Catal. 1987, 41, 

271.. (b) Unruh, J. D.; Christenson, J. R. J. Mol. Catal. 1982, 14, 19. (c) van der Veen, L. A.; Boele, M. D. 

K.;; Bregman, F. R.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; Goubitz, K.; Fraanje, J.; Schenk, H.; Bo, 

C.. J. Am. Chem. Soc. 1998, 120, 11616. 

200 van Strijdonck, G. P. F.; Boele, M. D. K.; Kamer, P. C. J.; de Vries, J. G.; van Leeuwen P. W. N. M. Eur. J. 

Inorg.Inorg. Chem. 1999, 1073. 

211 (a) Hayashi T.; Ace. Chem. Res. 2000, 33, 354. (b) Feringa, B. L. Ace. Chem. Res. 2000, 33, 346. 

222 (a) Brunner, H.; Zettlmeier, W. Handbook of Enantioselective Catalysis; VCH Publishers: Weinheim, 

Germay,, 1993. (b) Pietrusiewicz, K. M.; Zablocka, M. Chem. Rev. 1994, 94, 1375. (c) Wolfe, B.; 

Livinghouse,, T. J. Am. Chem. Soc. 1998, 120, 5116. 

233 Komarov, I. V.; Borner, A. Angew. Chem. Int. Ed. 2001, 40, 1197. 

244 Slagt, V. F.; Reek, J. N. H.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Angew. Chem. Int. Ed. 2001, 40, 

421421 \ (chapter 2). 

255 Assembled bidentate ligands; Slagt, V. F.; Reek, J. N. H.; van Leeuwen, P. W. N. M. to be submitted 

(chapterr 4). 

266 Cooper, J. B.; Brewer, C. T.; Brewer G. Inorg. Chim. Acta 1987, 129, 25. 

277 Synthesized using the method by (a) Adler, A. D.; Longo, F. R.; Finarelli, J. D.; Goldmacher, J.; Assour, J.; 

Korsakoff,, L. J. Org. Chem. 1967, 32, 476. (b) Adler, A. D.; Longo, F. R.; Kampas, F.; Kim, J. J. Inorg. 

Nucl.Nucl. Chem. 1970, 32, 2443. 

288 Buisman, G. J, H.; van der Veen, L. A.; Klootwijk, A.; de Lange, W. G. J.; Kamer, P. C. J.; van Leeuwen, 

P.. W. N. M.; Vogt, D. Organometallics 1997,16, 2929. 

299 (a) Michelsen, U.; Hunter, C. A. Angew. Chem. Int. Ed. 2000, 39, 764. (b) Szintay G.; Horvath A. 

InorganicaInorganica Chemica Acta 2000, 310, 175. 

300 Taylor, P. N.; Anderson, H. L. J. Am. Chem. Soc. 1999, 121, 11538. 

311 (a) Evans, D.; Osborn, J. A.; Wilkinson, G. J. Chem. Soc. A. 1968, 3133. (b) Beller, M.; Cornils, B.; 

Frohning,, C. D.; Kohlpaintner, C. W. J. Mol. Cat. A: Chem. 1995, 104, 17. 

322 Similar hydroformylation experiments at 80 °C yielded comparable results only in this case lower activity 

wass observed. 

333 (a) van Rooy, A.; Kamer, P. C. J.; van Leeuwen, P. W. N. M. Organometallics 1996, 75, 835. 

344 Hansch, C; Leo, A.; Taft, R. W. Chem. Rev. 1991, 91, 165. 

355 Li, Wu, M.; Desmond, M. J.; Drago, R. S. Inorg. Chem. 1979, 18, 679. 

82 2 



ChapterChapter Three 

366 (a) Serron, S.; Nolan, S. P.; Moloy, K. G. Organometallks 1996, 15, 4301. (b) Van der Slot, S. C; Kamer, 

P.. C. J.; Van Leeuwen, P. W. N. M.; Fraanje, J.; Goubitz, K.; Lutz, M ; Spek, A. L. Organometallks 2000, 

19,19, 2504. (c) Suomalainen, P.; Riihimaki, H.; Jaaskelainen, S.; Haukka, M.; Pursiainen, J. T.; Pakkanen, T. 

A.. Cat. Lett. 2001, 77, 125. (d) Serp, P.; Hernandez, M.; Richard, B.; Kalck, P. Eur. J. Inorg. Chem. 2001, 

9,9, 2327. 

377 (a) Ojima, I.; Kogure, T.; Yoda, N. J. Org. Chem. 1980, 45, 4728. (b) Achiwa, K.; Chaloner, P. A.; Parker, 

D.. J. Organomet. Chem. 1981, 218, 249. (c) Yang, C; Wong, Y. T.; Li, Z.; Krepinsky, J. J.; Jia, G. 

OrganometallksOrganometallks 2001, 20, 5220. (d) Xie, Y.; Lou, R.; Li, Z.; Mi, A.; Jiang, Y. Tetrahedron Asym. 2000, 

/ / ,, 1487. 

388 Berkessel, A.; Kaiser, P.; Lex, J. Chem. Eur. J. 2003, 9, in press. 

399 (a) Berkessel, A.; Frauenkron, M. J. Chem. Soc. Perkin Trans. I 1997, 2265. (b) Zhang, R.; Yu, W.-Y.; 

Wong,, K.-Y.; Che, C.-M. J. Org. Chem. 2001, 66, 8145. 

400 (a) Frauenkron, M.; Berkessel, A. Tetrahedron Lett. 1997. 38, 7175. (b) Lo, W.-C; Che, K.-F.; Cheng, K.-

F.;; Mak, T. C. W. J. Chem. Soc. Chem. Commun. 1997, 1205. 

411 After metal complexation (rhodium, palladium) to the phosphorus donor atom, the association constants of 

thee zinc(II) porphyrin and nitrogen phosphorus ligand will change. 

422 p = 0.188 for pyridine with meso-phenyl zinc(II) porphyrin; Vogel. G. C; Beekman, B. A. Inorg. Chem. 

1976,, 15. 483 or p = 0.208 for a copper-imidazole complex with meso-phenyl zinc(II) porphyrin see 

referencee 27. 

433 (a) Hayashi, T.; Mise, T.; Fukushima, M.; Kagotani, M.; Nagashima, N.; Hamada, Y.; Matsumoto, A.; 

Kawakami,, S.; Konishi, M.; Yamamoto, K.; Kumada, M. Bull. Chem. Soc. Jpn. 1980, 53, 1138. (b) 

Manzano.. B. R.; Jalon. F. A.; Gomez-de la Torre, F.; Lopez-Agenjo, A. M.; Rodriguez, A. M.; Mereiter, 

K.;; Weissensteiner, W.; Sturm, T. Organometallks 2002, 21, 789. 

444 Van der Veen, L. A.; Keeven, P. H.; Schoemaker, G. C; Reek, J. N. H.; Kamer, P. C. J.; Van Leeuwen, P. 

W.. N. M.; Lutz, M.; Spek, A. L. Organometallks 2000, 19, 872. 

455 Dierkes. P.; Ramdeehul; S. Barloy, L.; De Cian, A.; Fischer, J.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; 

Osborn,, J. A. Angew. Chem. Int. Ed. 1998, 37, 3116. 

466 Bowen, R. J.; Gamer, A. C; Berners-Price, S. J.; Jenkins, I. D.; Sue, R. E. J. Organomet. Chem. 1998, 554, 

181.. (b) Buhling, A.; Kamer, P. C. J.; van Leeuwen, P. W. N. M.; J. Mol. Catal. A 1995, 98, 69. (c) 

Newkome,, G. R.; Chem. Rev. 1993. 93, 2067. 

477 3-pyridylmethyldiphenylphosphine 8 was kindly donated by Dr. P. H. M. Budzelaar, Shell Research & 

Technologyy Center, Amsterdam, The Netherlands. 

488 Product characterization data were found in agreement with the reported literature, see for example: Bower, 

J.. F.; Jumnah, R.; Williams, A. C; Williams, J. M. J. J. Chem. Soc, Perkin Trans 1 1997, 1411. 

83 3 



SupramolecularSupramolecular Hgands; non-covalent interactions as a new tool to modify catalyst properties 

84 4 


