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EncapsulationEncapsulation of transition metal catalysts by template directed assembly 

2.11 Introduction 
Molecularr encapsulation is an important and challenging field in supramolecular chemistry. 

Thee scientific interest to these systems is to what extent the properties of such container 

compoundss and their imprisoned guest molecules change upon encapsulation.1 The first 

exampless of container type compounds enabling guest inclusion were based on rigid poly-

aromaticc macrocycles (spherands), which served as hosts with a pseudo-spherical cavity.2 In 

addition,, molecular receptors have been developed like carceplexes,3 tweezers,4 clefts5 and 

bowls66 aiming to selectively bind guest molecules. More recent, sophisticated molecular 

capsuless have been prepared, which are based on self-complementary concave building blocks 

thatt self-associate via multiple hydrogen-bonding.7'8 Functionalized calixarenes appeared to 

bee suitable as building blocks; two (or even more) complementary calixarenes have been 

assembledd yielding molecular capsules that serve as hosts for many different guests, even as 

largee as fullerene. '9'10 The encapsulation of guest molecules obviously constraints the 

translationall  motion of the guest11 and the guest's rotational freedom.12 These and other 

propertiess of the host guest systems have been determined using various techniques, including 

NMRR spectroscopy.13'14 

Ann alternative strategy to construct supramolecular capsules is the use of metal-ligand 

interactionss to form pseudo-spherical multi-component assemblies.15"16 The metal hinges can 

bee installed at the corners of the walls, which are based on flat ligand panels, leading to 

molecularr triangles, rectangles, cages and higher order structures.17 For example, Fujita and 

co-workerss have reported the synthesis of cage molecules based on palladium(II) ions and 

l,3,5-tris(4-pyridylmethyl)benzene.. Interestingly, these trinuclear cages assemble in high 

yieldss in the presence of a suitable guest molecule as template for the reaction (i.e. sodium p-

methoxybenzoate).188 Metal-ligand interactions between a guest template and structurally self-

complementaryy bisporphyrins also enforce the formation of molecular capsules enclosing 

multidentatee coordinating species.19 

Onee of the interesting applications of molecular capsules is their ability to function as unique 

micro-reactionn chambers,20'21'22 which can stabilize highly reactive species.23 For example, a 

Diels-Alderr reaction between 1,4-quinone and 1,3-cylcohexadiene carried out inside self-

assembledd glycoluril-based capsules resulted in rate acceleration.24 Reactions taking place 

insidee metallocages have also been reported.25 Sanders constructed trimeric porphyrin 

architecturess where the zinc(II) porphyrin moieties function as templates for the pre-

organizationn of substrates that undergo an efficient acyl transfer reaction,26 or that lead to 
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Diels-Alderr adducts." Many reactions of interest require the use of a transition metal catalyst, 

butt general techniques to encapsulate such catalysts have not yet been reported. 

Heree we report such a general strategy that involves the use of simple building blocks as 

zinc(ll)) porphyrins28'29 and pyridylphosphines30 (chart 1) in which encapsulated transition 

metall  catalysts are formed by templated self-assembly processes.31 The formation of these 

encapsulatedd transition metal catalysts leads to a new class of functional assemblies with 

intriguingg catalytic properties. The coordination mode of the transition metal catalyst can be 

regulatedd by variation of the building blocks, which yields new mono- and bis-coordinated 

catalystt assemblies. The different assembled catalyst systems can be characterized using 

NMR-- and UV-vis-spectroscopy and have been identified under catalytic conditions using 

high-pressuree infrared spectroscopy. The catalytic properties of the assemblies are 

substantiallyy different from the monomeric parent complexes, which is ascribed to the 

encapsulationn of the transition metal catalyst. The supramolecular approach allows the use of 

otherr building blocks such as pyridyl phosphite ligands, multidentate porphyrins and 

ruthenium(II)) porphyrins, which are also used to construct encapsulated transition metal 

catalysts. . 

Chartt 1. 
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2.22 Results and discussion 
TheThe assembly of phosphorus ligands and zinc(ll) porphyrin building blocks. 

Thee coordination behavior of various pyridylphosphine ligands to zinc(II) meso-phenyl 

porphyrinn was studied using NMR and UV-vi s spectroscopy.32'33 The addition of l a to a 

solutionn of 2 resulted in large upfield shifts of the proton resonance of the pyridyl ring in the 

'H-NMRR spectra (A8HI = 5.19 ppm, A6H2 = 1.57 ppm), caused by the shielding effect of the 

porphyrinn (scheme 1). This clearly indicates the selective axial binding of the pyridyl ligand 

too the zinc(II) porphyrin. The exchange between the complexed and uncomplexed pyridyl unit 

wass found to be fast on the NMR spectroscopy time scale and Job-plot analysis of titration 

experimentss in toluene-dg proved the formation of a l:l-complex (la-2).31 

Schemee 1. The assembly of mono-4-pyridyldiphenylphosphine 2 on meso-phenyl zinc(ll) porphyrin 
la a 

Inn the UV-vis spectrum of l a a typical shift of the Q-bands of the porphyrin from 551 nm and 

5911 nm to 561 nm and 601 nm, respectively, was observed upon the addition of 2, which 

corroboratess the axial complexation. The binding constant determined by NMR and UV-vis 

spectroscopyy titrations was found to be high (K|a.2 = 6.1 * 103 M~') as is typical of such a 

pyridine-zinc(II)) porphyrin complexation. 3-pyridyldiphenylphosphine 3 behaved similarly 

andd showed a slightly lower binding constant (K = 2.3*103 M"1). Building blocks 4 (bis-3-

pyridylphenylphosphine)) and 5 (tris-3-pyridylphosphine) have respectively two and three 

nitrogenn donor atoms enabling the formation of larger assemblies. Job-plot analysis of NMR 

spectroscopyy titration experiments in toluene-ds show that bis-3-pyridylphenylphosphine 4 

bindss two porphyrins l a and tris-3-pyridylphosphine 5 complexes three porphyrins l a (figure 

1).. The latter implies that a hemi-spherical assembly is formed with a phosphine ligand 

encapsulatedd inside the supramolecular structure. This phosphine ligand can be used for the 

formationn of encapsulated transition metal complexes that serve as catalysts. 
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Thee complexation of these building blocks via the nitrogen donor atom to the zinc(II) 

porphyrinn is very selective. According to UV-vis and 31P-NMR spectroscopy experiments 

triphenylphosphinee 6 does not coordinate to zinc(II) porphyrin l a at all (K. < 50 M" ). 

Triphenylphosphinoxide,, a potential impurity formed in small amounts during catalysis does 

coordinatee to zinc(II) porphyrin la, but rather weakly compared to the pyridyl moiety (K = 

3000 M"1). These experiments imply that in the assemblies formed the phosphorus atom is still 

availablee for coordination to catalytically active transition metals. 

0.4 4 

0.6 6 

0.4 4 

to , , 
0» » 

0.22 0.4 0.6 
moll fraction 1a -

00 0.2 0.4 0.6 0.8 1 
moll fraction 1a

00 0.2 0.4 0.6 0.8 1 

moll fraction 1a

Figuree 1. Job-plot analysis of NMR-titration experiments in toluene-d8 of mono-5-
pyridyldiphenylphosphinee 3 (A), bis-3-pyridylphenylphosphine 4 (B) and tris-3-pyridylphosphine 5 
(C)) with tetraphenyl zinc(II) porphyrin la. (y = (chemical shift pyridylproton(s))*(mol fraction la)). 
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Indeed,, on mixing two equivalents of la with [Pd(2)2MeCl] an assembly was formed with the 

transitionn metal sandwiched between the two porphyrin building blocks, as was evident from 

thee shifts in the 'H-NMR and 3IP-NMR spectra (figure 2). NMR spectroscopy studies on in 

situu formed [Pt(2)2Cl2] showed that similar complexes were formed with the platinum 

complexx embedded between two porphyrins. It was found that in these complexes the binding 

off  the porphyrin units to the pyridyl moieties does not affect the cis coordination of the 

phosphinee ligands to the transition metal center, as was evident from the platinum-phosphorus 

couplingg constant of the platinum complex that does not change on addition of two 

equivalentss of zinc(II) porphyrin l a (JPt.P = 3636Hz). 

PdMeCI(1a.2)2 2 

9.00 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 

Figuree 2. ' H-NMR of the assembly of two tetraphenyl zinc(II) porphyrin la units on bis-(4-

pyridyldiphenylphosphine)palladium(II)methylchloride[PdMeCl(2):]. . 

Thee influence of the complexation of three porphyrin units around a phosphine template 

ligandd was anticipated to be much larger, since it wil l increase the steric bulk of the ligand 

enormouslyy and truly encapsulates the phosphorus donor atom. Upon addition of two 

equivalentss of preformed 5(la)3 to [Pd(PhCN)2Cl2] the 'H- and 3,P-NMR spectra showed the 

formationn of a mono-phosphine palladium complex, indicating that the transition metal only 

coordinatess one equivalent of the encapsulated phosphine 5(1 a)3. The same mono-phosphine 

palladiumm complex was formed by the addition of six equivalents of l a to an in situ formed 

[Pd(5)2Cl2]]  complex. In addition, one equivalent of dissociated 5(la)3 is formed in this 

experiment.. Due to the steric crowding caused by the associated porphyrins one of the 

phosphoruss ligands is enforced to dissociate from the palladium complex. Similar experiments 

usingg 31P-NMR spectroscopy with in situ formed [Rh(acac)(CO)(5)2] (7) showed an enforced 

ligandd dissociation resulting in mono-phosphine rhodium complex 8 (scheme 2). Addition of 

aa solution of ligand 5 to [Rh(acac)(CO)2] gave the expected rhodium species with two 

phosphiness coordinated, whereas in the presence of l a only the mono-phosphine rhodium 

speciess 8 was observed.31 
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Schemee 2. Enforced ligand dissociation upon the formation of porphyrin encapsulated phosphines. 
Thee assembly of porphyrins on the pyridylphosphine ligands enforces a mono-phosphine coordination 

onn the rhodium. 5(la)3 = three zinc(II) porphyrins la assembled on the tris-3-pyridylphosphine 5. 

Molecularr modeling studies on the rhodium complexes shows that the rhodium center is 

completelyy encapsulated by the porphyrin assembly (figure 3). The formation of a bis-

phosphinee rhodium complex is clearly prohibited by steric interactions between the assembled 

porphyrinn units. This implies that the catalytically active metal located at the core of the 

assemblyy differs in coordination sphere from that of the non-encapsulated complex. 

Figuree 3. Modeled structure of an encapsulated transition metal catalyst, consisting of porphyrin la 
(gray),, tris-3-pyridylphosphine 5 (white) and M = [HRh(CO)3] (dark-gray). 
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Zinc(II)Zinc(II) porphyrin encapsulated phosphine ligands in transition metal catalysis. 

Thesee supramolecular assemblies were used in the palladium catalyzed Heck reaction. The 

Heckk coupling reaction between iodobenzene and styrene was investigated in toluene as 

solventt and diisopropyl ethyl amine as a base (a non-nucleophilic base that does not compete 

forr coordination to zinc(II)porphyrins). Three different palladium phosphine complexes were 

preparedd as catalyst precursors: [Pd(2)4] , [Pd(5)4] and [Pd(6)4].
34 Figure 4 shows the 

formationn of the major product (E-stilbene) as function of time for three different catalyst 

precursorss in the presence and the absence of la. The results of catalytic reaction using 

complexx [Pd(6)4] in the presence and the absence of l a are identical showing that the 

porphyrinn does not disturb the reaction. The presence of la, when using the [Pd(2)4] complex 

ass precursor, does not change the reaction rate significantly either. In the sandwich complex 

formedd not much steric hindrance is introduced by the assembly of the porphyrins and 

thereforee the catalytically active species remains unchanged. In contrast, the impact of the 

zinc(II)) porphyrin l a on using [Pd(5)4] is enormous. In the absence of l a the product is hardly 

formed,, whereas the encapsulated catalyst is very fast leading to a rapid product formation. 

Thee assembly of l a on the pyridyl units of the phosphine template ligands leads to the 

formationn of a mono phosphine complex, resulting in fast oxidative addition of iodobenzene 

andd subsequent reaction with styrene, which shortened the incubation time considerably. 

00 500 1000 1500 
tt/min/min

Figuree 4. The conversion of styrene in the Heck reaction, using different assembled palladium 
catalysts.. The lines through the points are drawn for clarity, (X = conversion). 
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Thee encapsulated rhodium phosphine complexes were studied in the rhodium-catalyzed 

hydroformylationn of 1-octene (scheme 3).35 It is known that the mono-phosphorus coordinated 

speciess 9 and bis-phosphorus rhodium complexes 10 show different catalytic behavior in this 

reactionn (scheme 4).35,36 In general, complex 9 gives higher rates and more isomerization, 

whereass 10 tends to give more of the linear product. 

H2/CO O 
oo + R^Y + 

H ' X ) ) 

Schemee 3. The Rhodium-catalyzed hydroformylation of alkenes. 

Fromm NMR spectroscopy it was clear that monoligated rhodium phosphine complex 8 was 

formedd on the addition of six equivalents l a to complex 7. Using high-pressure IR in 

dichloromethane388 this encapsulated rhodium complex 8 was also studied under catalytic 

conditions,, using 20 bar of syn-gas (CO/H2 = 1/1). Under these conditions complex 8 was 

convertedd to a tris carbonyl rhodium hydride 5(la)3 species ([HRh(5(la)3)(CO)3] ) as was 

evidentt from the three peaks in the carbonyl region, 2089 cm"1 (RhCO), 2039 cm"1 (RhCO) 

andd 2011 cm"' (RhCO).39 In contrast, the complex formed with ligand 5 in absence of 

porphyrinn l a resulted in four vibrations,40 which are ascribed to the equatorial-equatorial (ee) 

andd equatorial-apical (ea) coordination of diphosphine rhodium complexes 10. These mono-

andd bis-phosphine complexes were expected to behave different in the rhodium-catalyzed 

hydroformylationn of 1 -octene. In addition, an effect of the encapsulation of the catalyst on the 

catalyticc behavior was anticipated. 

HH H H 

P-Rhh C 0
 P _ R U C 0 ^ = ^ P - R h - C 0 

|| ^*CO P CO 

COO CO P 

eee ea 

99 10 

Schemee 4. Different coordination modes of active rhodium catalysts under 20 bars of syngas (CO/H2 = 
1/1).. Mono-phosphorus coordinated rhodium catalyst 9 [HRh(CO)3P] and equilibrium between 

equatorial-equatoriall  (ee) and equatorial-apical (ea) coordinating rhodium diphosphine complexes 10 

[HRhP2(CO)2],, P = ligand containing phosphorus donor atom. 
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Thee hydroformylation experiments were carried out under 20 bar of syn-gas (H2/CO = 1/1) at 

800 °C and 25 °C in toluene and the results are depicted in table 1. Zinc(II) porphyrin la does 

nott interfere with the rhodium-catalyzed hydroformylation, since the rhodium complexes 

basedd on triphenylphosphine 6 gave the same results in the presence and absence of la. The 

catalystt formed by ligand 3 hardly showed any change in rate or selectivity when la was 

added.. This shows that two porphyrin units can be assembled to form a sandwich type 

complexx without changing the performance of the active catalyst. In contrast, the rhodium 

complexx based on assembly 5(1 a)3 significantly alters the catalysts performance compared to 

thee complex based on 5. At 80 °C the catalyst is almost twice as active and the selectivity had 

changedd (1/b = 1.5 compared to 2.8). At room temperature there was an even larger difference 

betweenn the porphyrin encapsulated catalyst and the non-encapsulated analogy; the former 

systemm gives a ten-fold higher activity and the branched aldehyde is now even the favored 

productt (1/b = 0.6, 62 % branched). 

Tablee 1. Hydroformylation of 1-octene using different rhodium catalysts and their porphyrin 

assemblies:: variation of phosphine building blocks.3 

ligandb b 

3 3 
3*la a 

4 4 
4(la)2 2 

5 5 
5(la)3 3 

6 6 
6 + l a a 

3 3 
3*la a 

4 4 
4(la)2 2 

5 5 
5(la)3 3 

6 6 
6 + l a a 

Temp. . 

(°C) ) 
80 0 
80 0 
80 0 
80 0 
80 0 
80 0 
80 0 
80 0 
25 5 
25 5 

25 5 
25 5 
25 5 
25 5 
25 5 
25 5 

T.O.F.c c 

2.2**  103 

2.1*10" " 
2.4*103 3 

3.1*103 3 

2.8*103 3 

4.5**  I03 

1.7*103 3 

1.7*103 3 

6 6 
6 6 
9 9 
18 8 
11 1 

126 6 
4 4 
4 4 

l / b d d 

2.9 9 
2.8 8 
2.8 8 
2.1 1 
2.8 8 
1.5 5 
2.7 7 
2.7 7 
2.8 8 
2.8 8 
3.0 0 
1.1 1 
2.8 8 
0.6 6 
3.0 0 
3.0 0 

isomers'"' ' 

(%) ) 
0.9 9 
1.1 1 
2.5 5 
3.2 2 
3.8 8 
8.3 3 
1.5 5 
1.2 2 
3.2 2 
0.8 8 
4.0 0 
2.9 9 
2.8 8 
0.9 9 
2.9 9 
3.2 2 

branched0 0 

<%) ) 
25.4 4 

26.0 0 
25.7 7 
31.2 2 
25.6 6 
36.7 7 
26.6 6 
26.7 7 
25.5 5 
26.1 1 
24.0 0 
46.2 2 
25.6 6 
61.9 9 
24.3 3 
24.2 2 

(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) [phosphine] = 2.1 mmol/1, [porphyrin] = 6.9 

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

afterr 1 hour (80 °C) and 18 hours (25 °C), (d) 1/b = linear/branched ratio, (e) percent isomerization to 2-, 3-

andd 4-octene and percent selectivity for branched aldehyde based on converted 1-octene. 
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Interestingly,, similar results were obtained with rhodium complexes based on assembly 4(1 a)2 

thee selectivity of the reaction decreased considerably (1/b = 1.1, T = 25 °C, compared to 3.0 

forr rhodium complexes base on 4) and, in addition, an increase in activity was observed. High 

pressuree IR-studies in dichloromethane at 25 °C of 4 in presence of two equivalents l a 

showedd three peaks in the carbonyl region, 2086 cm"1 (RhCO), 2035 cm"1 (RhCO) and 2003 

cm"11 (RhCO). Similar to 5(1 a)3 the assembly 4(la)2 also results in the formation of a mono-

phosphinee rhodium complex under catalytic conditions. Therefore, the differences in 

selectivityy and activity observed for 5(1 a)3 and 4(1 a)2 are attributed to the assembly of the 

thirdd porphyrin and thus the complete encapsulation of the catalyst in the case of 5(la)3. 

Too obtain more insight in the relation between the porphyrin assembly processes and the 

catalyticc properties of the rhodium catalysts we studied the hydroformylation reaction using 

rhodiumm complexes based on various zinc(II) porphyrin la/4 and la/5 ratios.41 In figure 5 we 

displayedd the selectivity of the reaction as function of the la/4 ratio. The selectivity did not 

changee significantly using ratios up to 1, which is in line with the results obtained for 3»la. 

Onlyy in the presence of more than one equivalent l a to 4 an increase of branched aldehyde 

wass observed, which is attributed to the formation of mono-phosphine complex. The 

maximumm effect was reached at a ratio of 2.2 indicating that the assemblies formed did not 

changee at higher ratios. This illustrates the strong binding of the second porphyrin, also under 

catalyticc conditions. 

80 0 

700 ' 

40 0 

300 i 

20 0 

, --

JJ 0 

) ) 

D D 

•• • 

' ' 

o o D
Q D D D D D 

•• Q 

11 2 

la /44 ratio 

G%tranched d 

•• %linear 

DD

33 4 

Figuree 5. Percentage linear and branched aldehydes formed in the rhodium-catalyzed 
hydroformylationn of 1-octene, using bis-3-pyridylphenylphosphine 4 and various amounts of zinc(II) 

porphyrinn la as the ligand. 
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III
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Figuree 6. Percentage linear and branched aldehydes formed in the rhodium-catalyzed 
hydroformylationn of 1-octene, using tris-3-pyridylphosphine 5 and various amounts of zinc(II) 

porphyrinn la as the ligand. 

Ligandd 5 showed a similar behavior as 4 up to a la/5 ratio of 2. In addition, a significant 

increasee for the formation of the branched product was now observed after adding more than 

twoo equivalents la (figure 6), accompanied with a large increase in activity (table 2). This 

showss again that the binding of the third porphyrin la to 5, encapsulating the rhodium 

catalyst,, largely contributes to control the catalytic properties of the assembly. No further 

changess in catalysis were observed upon the addition of more than three porphyrin la units. 

Tablee 2. The average turn over frequency (T.O.F.) in hydroformylation of 1-octene using different 
rhodiumm catalyst assemblies: variation of the porphyrin/phosphine ratio.' 

porphyrin/phosphineporphyrin/phosphine 4 5 

6.0 0 
6.9 9 
9.6 6 
10.6 6 

9.0 0 
8.6 6 
14.3 3 
52.6 6 

(a)) [Rh(acac)(CO)2] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H2 =1/1), 1-octene/rhodium = 5160, 
inn none of the reactions hydrogenation was observed, (b) [phosphine] = 2.1 mmol/1, T.O.F. = average turn 

overr frequency = (mol aldehyde)(mol Rlr'h"1, the reaction was screened parallel, not incubated and stopped 
afterr 18 hours (25°C). 

AssembliesAssemblies of ruthenium(H) porphyrins and phosphine ligands. 

Ann efficient strategy to increase the binding constants and change the dynamic behavior is to 

changee the metal in the core of the porphyrin. Ruthenium(II) porphyrins are known to bind 

pyridiness with very high binding constants42 and are therefore interesting building blocks for 

thee assemblies in the current study. It is known that the binding constant of the first pyridine 

too ruthenium(II) carbonyl porphyrin is much higher than the binding of the second pyridyl 
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moiety,, which has to replace the carbonyl and yields a bis-pyridyl ruthenium(II) porphyrin 

complex.. Furthermore, under a carbon monoxide atmosphere the formation of 1:1 pyridyl 

ruthenium(II)) carbonyl porphyrin complex is preferred.43 Therefore, it is anticipated that 

ruthenium(II)) porphyrins form similar catalyst assemblies as zinc(II) porphyrins. Mixing 

ruthenium(II)) carbonyl porphyrin and pyridylphosphine ligands in a 1:1 ratio will lead 

exclusivelyy to the formation of 1:1 complexes. 

ii  ' ' ' ' ', ' ' ^ i ^ r - r ^ ^ r ' ' . | . . . . i  i 

-5.000 -5.20 -5.40 -5.60 -5.80 -6.00 -6.20 -6.40 

Figuree 7.31P-NMR spectra of 4-pyridyldiphenylphosphine 2 (A) in toluene-d8, 2 in the presence of 
0.255 equivalents ruthenium(II) porphyrin 11 (B) addition of 100 equivalents of pyridine to B (C).44 
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Thee coordination behavior of pyridylphosphine ligands to tetraphenyl ruthenium(II)carbonyl 

porphyrinn 11 was studied using 'H- and J IP - N MR spectroscopy in toluene-d8. The addition of 

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

NMRR spectra (A5H1 = 7.09, A5H2 = 2.13), caused by the shielding of the porphyrin. This 

clearlyy indicates the selective axial binding of the pyridyl ligand to the ruthenium(II) 

porphyrin.. The exchange between the complexed and uncomplexed pyridyl unit is slow on 

thee NMR spectroscopy time scale, even at 80 °C, as the addition of four equivalents 2 to 11, 

resultss in two separate phosphine signals in 3IP-NMR spectra (figure 7). The binding of the 

pyridyll  ligands to the porphyrin is still reversible, since addition of large excess of pyridine to 

thee complex in solution resulted in a exchange of 2, yielding more of the free 4-

pyridyldiphenylphosphinee 2 and a bis-pyridine ruthenium(ll) porphyrin complex. 

Tablee 3. Hydroformylation of 1-octene using ruthenium(Il)porphyrin and pyridylphosphine rhodium 
catalystt assemblies/ 

ligandd porphyrin/phosphine T.O.F.c 1 / bd isomers" branched6 

(%)) (%) 
3 3 
3 3 
4 4 
4 4 
4 4 
4 4 
5 5 
5 5 
5 5 
5 5 
5 5 
6 6 
6 6 

0 0 
1 1 
0 0 
1 1 
2 2 
3 3 
0 0 
1 1 
2 2 
3 3 
5 5 
0 0 
1 1 

6 6 
5 5 
6 6 
6 6 
15 5 
13 3 
8 8 
9 9 
40 0 
65 5 
56 6 
3 3 
3 3 

3.0 0 
2.6 6 
2.8 8 
2.3 3 
1.6 6 
1.5 5 
2.9 9 
2.2 2 
0.9 9 
0.4 4 
0.4 4 
3.0 0 
3.0 0 

1.0 0 
0.8 8 
0.3 3 
0.2 2 
0.4 4 
0.7 7 
0.5 5 
1.2 2 
4.4 4 
3.8 8 
3.7 7 
0.2 2 
0.2 2 

24.8 8 
27.6 6 
26.3 3 
30.2 2 
38.1 1 
40.1 1 
25.4 4 
31.4 4 
50.4 4 
66.9 9 
68.1 1 
24.6 6 
24.5 5 

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

inn none of the reactions hydrogenation was observed, (b) [phosphine] = 2.1 mmol/l, (c) T.O.F. = average 

turnn over frequency = (mol aldehyde)(mol Rh)"'h"\ the reaction was stopped after 14 hours (25 °C), (d) 1/b = 

linear/branchedd ratio, (e) percent isomerization to 2-, 3- and 4-octene and percent selectivity for branched 

aldehydee based on converted 1-octene. 

Thee assemblies consisting of the ruthenium(II) porphyrin 11 and ligands 3-6 were tested as 

ligandss in the rhodium-catalyzed hydroformylation of 1-octene (table 3). The presence of 11 

didd not interfere with catalysis, since the rate and selectivity using 6 did not change upon 

additionn of 11. Similar to the results obtained for zinc(II) porphyrin la, ligand 4(11)2 and 

5(11)33 show a major difference between the porphyrin encapsulated catalyst and the non-

46 6 



ChapterChapter Two 

encapsulatedd analogue. Interestingly, catalyst encapsulation via 5(11)3 increased the 

selectivityy for the branched product even up to 68 %, with a corresponding 1/b = 0.4. The 

higherr activity and isomerization rate in combination with a higher selectivity for the 

formationn of the branched product clearly show that ruthenium(II) porphyrins function in a 

similarr fashion as their zinc(II) analogues in the encapsulation of transition metal catalyst. 

Interestingly,, the less dynamic encapsulated systems based on ruthenium(II) porphyrins 

5(11)33 results in a slightly lower activity compared to 5(la)3 suggesting that the catalytic 

centerr is more accessible in the dynamic assemblies. Moreover, these results show that 

preparationn of the assembled catalysts is not limited to zinc(II) porphyrins, but different 

metalss in the core of the porphyrin can be used to form the assemblies. 

AssembliesAssemblies of multidentate zinc(II) porphyrins and phosphine ligands. 

Too explore the effect of catalyst encapsulation further we synthesized trimeric-porphyrin 12 

andd dimeric porphyrin 13 (chart 3). The chelating effect of the zinc(II) porphyrin moieties in 

thesee compounds were anticipated to increase the binding constant to tris-3-pyridylphosphine 

5.. As was shown, the binding of the third porphyrin was of great importance for yielding the 

speciall  properties of encapsulation. Moreover, 12 is larger than three porphyrin units la and 

thereforee the capsule is even more closed. Indeed the trimeric-porphyrin 12 formed a 1:1 

complexx with 5, with a corresponding binding constant of K = 7.4*  104 M"1, as was evident 

fromm UV-vis spectroscopy. In the rhodium-catalyzed hydroformylation of 1-octene the 

assemblyy 5»12 gave the same selectivity as 5(la)3 (table 4), but now a lower activity was 

observed.. This is probably caused by more tightly closing the capsule, upon using trimeric 

porphyrinn 12, thereby reducing the accessibility to the catalytic center. Dimeric porphyrin 13 

behavedd differently and only showed a small increase in activity and selectivity for the 

branchedd product. Porphyrin 12 and 13 in the presence of bis-3-pyridylphosphine 4 showed 

similarr behavior. These experiments substantiate that the binding of the third porphyrin unit is 

essentiall  for the properties of the encapsulated rhodium catalyst. 

Chartt 3. 
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Tablee 4. Hydroformylation of 1 -octene using different multi-dentate zinc(II)porphyrins for the catalyst 

assemblies." " 

ligand" " 

5 5 

5«12 2 

5«13 3 

4 4 

4«12 2 

4«13 3 

temp.. (°C) 

80 0 

SO O 

80 0 

80 0 

80 0 

80 0 

T.O.F.c c 

2.8**  103 

1.5*102 2 

1.7*103 3 

2.4**  103 

2.1*103 3 

2.0**  103 

l / b d d 

2.8 8 

1.4 4 

2.5 5 

2.8 8 

2.4 4 

2.4 4 

isomerse e 

3.8 8 

3.0 0 

5.0 0 

2.5 5 

6.5 5 

5.8 8 

(%) ) branched1"'' (%) 

25.6 6 

40.4 4 

27.1 1 

25.7 7 

27.3 3 

27.9 9 

(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) [phosphine] = 2.1 mmol/1, [12] = 2.1 mmol/1, [13] 

== 3.2 mmol/1 (c) T.O.F. = average turn over frequency = (mol aldehyde)(mol Rh)"'h"', the reaction was 

stoppedd after 1 hour (80 °C), (d) 1/b = linear/branched ratio, (e) percent isomerization to 2-, 3- and 4-octene 

andd percent selectivity for branched aldehyde based on converted 1-octene. 

VariationVariation ofzinc(II) porphyrin building blocks. 

Alternativee tightening of the assembled capsules was attempted by using various zinc(II) 

porphyrinss with different steric bulk, la (phenyl), l b (4-toluyl), l c (cc,a,a-trifluoro-4-tolyl), 

I dd (4-/er?-butylphenyl), l e (3,5-dimethoxyphenyl) to If (3,5-di-terr-butylphenyl) (chart 4). 

Thee assemblies of these zinc(II) porphyrins la-f and pyridylphosphine 4 and 5 were used as 

ligandss in the rhodium-catalyzed hydroformylation of 1-octene (table 5). 

Chartt 4. 
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Tablee 5. Hydroformylation of 1-octene using different rhodium catalyst and their porphyrin 
assemblies:: variation of porphyrin building blocks.11 

ligand d 

4 4 
44 + l a 
4 + l b b 
44 + lc 
4++ Id 
4 + l e e 
4 + I f f 

5 5 
55 + l a 
5++ lb 
5++ lc 
5 + l d d 
5++ le 
55 +If 

temp. . 

(°C) ) 
25 5 

25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 
25 5 

T.O.F/ / 

9 9 
14 4 
9 9 
12 2 
10 0 
7 7 
5 5 
11 1 
126 6 
14 4 
10 0 
12 2 
9 9 
6 6 

l / b d d 

3.0 0 
1.0 0 

1.9 9 
1.8 8 
2.5 5 
2.7 7 
2.8 8 
2.8 8 
0.6 6 
1.5 5 

1.8 8 
2.4 4 
2.7 7 
2.7 7 

isomerse e 

(%) ) 
4.0 0 
2.9 9 
5.1 1 
4.5 5 
6.2 2 
6.4 4 
7.0 0 
3.8 8 
0.9 9 
4.1 1 
5.3 3 
3.6 6 
5.0 0 
4.5 5 

branched*" " 

(%) ) 
24.0 0 
48.6 6 
32.7 7 
34.1 1 
26.8 8 
25.2 2 
24.4 4 
25.3 3 
62.2 2 
38.1 1 
33.8 8 
28.2 2 
25.6 6 
25.8 8 

(a)) [Rh(acac)(CO)2] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H2 = 1/1), 1-octene/rhodium = 5160, 

inn none of the reactions hydrogenation was observed, (b) [phosphine] = 2.1 mmol/1, [porphyrin] = 6.9 

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

afterr 18 hours (25 °C), (d) 1/b = linear/branched ratio, (e) percent isomerization to 2-, 3- and 4-octene and 

percentt selectivity for branched aldehyde based on converted 1-octene. 

Ass is clear from the studies described above encapsulation of a rhodium catalyst via assembly 

off  zinc(Il) porphyrin la to 5 results in an increase of the activity and formation of the 

branchedd product. By increasing the bulk on the zinc(II) porphyrin used in these assemblies, 

i.e.. going from phenyl la to 4-toluyl lb, a completely different behavior in catalysis for 

ligandd 5 was observed. Interestingly, the catalyst assembly based on 5 and lb gave 

comparablee results to 4(1 a)2. This suggests that the increase of the size of the porphyrin 

significantlyy lowers the binding constant of the third zinc(II) porphyrin lb to 5, hereby 

preventingg the encapsulation of the rhodium catalysts. Further increase of steric bulk on the 

zinc(II)) porphyrins lc-d reduced the capsulation effects even further, and the assemblies 

basedd on zinc(Il) porphyrin le-f and 5 yielded the same selectivity as 5 in absence of zinc(II) 

porphyrin.. High-pressure infrared spectroscopy studies in dichloromethane using three 

equivalentss le with respect to 5 gave only formation of bis phosphine rhodium complexes. 

Thesee results suggests that the increase of steric bulk on zinc(ll) porphyrin drastically change 

thee binding constants with template ligand 5, which prohibits the formation of encapsulated 

catalystt assemblies. 
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AssembliesAssemblies based on pyridy! phosphite ligands. 

Tris-3-pyridyll  phosphite 14 is slightly larger than 5, i.e. the nitrogen is about 0.4 A further 

awayy from the phosphorus atom. It was anticipated that this template 14 could therefore bind 

moree bulky porphyrins, forming new encapsulated transition metal catalyst based on 

phosphitee metal complexes. The assemblies of novel tris-3-pyridyl phosphite 14 with zinc(II) 

porphyrinn la-g were used in rhodium-catalyzed hydro form ylation of 1-octene. 

Chartt 5. 

Tablee 6. Hydroformylation of 1-octene using tris-3-pyridylphosphite as a ligand for the catalyst 

assemblies:: variation of porphyrin building blocks." 

ligandlb) ) 

14 4 
1 4 + l a a 
1 4 + l b b 
144 + lc 
144 +Id 
144 + le 
144 +I f 
1 4 + l g g 

temp. . 
(°C) ) 

40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 
40 0 

T.O.1 1 

21 1 
29 9 
38 8 
0 0 
52 2 
29 9 
56 6 
54 4 

/ b d d 

6.9 9 
1.0 0 
2.2 2 
n.d. . 
2.8 8 
3.0 0 
1.4 4 
1.0 0 

isomers5 5 

(%) ) 
8.9 9 
3.3 3 
5.1 1 
0 0 

8.1 1 
4.8 8 
3.0 0 
2.5 5 

branched1' ' 

(%) ) 
12 2 
49 9 
30 0 
0 0 
24 4 
24 4 
41 1 
48 8 

(a)) [Rh(acac)(CO)2] = 0.084 mmol/1 in toluene, pressure = 20 bar (CO/H2 = 1/1), 1-octene/rhodium = 5160, 

inn none of the reactions hydrogenation was observed, (b) [phosphite] = 2.1 mmol/1, [porphyrin] = 6.9 

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

afterr 16 hours (40 °C), (d) 1/b = linear/branched ratio, (e) percent isomerization to 2-, 3- and 4-octene and 

percentt selectivity for branched aldehyde based on converted 1-octene. 

50 0 



ChapterChapter Two 

Rhodiumm complexes based on ligand 14 resulted in preferred formation of the linear adduct in 

thee hydroformylation (1/b = 6.9) and a moderate isomerization rate was observed (table 6), 

whichh is line with results reported for bisligated rhodium phosphite complexes.46 In the 

presencee of three units porphyrin la, forming the encapsulated ligand 14(la)3, the 

linear/branchedd ratio decreases significantly (1/b = 1.0), indicating that a monoligated rhodium 

phosphitee complex similar to 5(1 a)3 was formed under catalytic conditions. Repeating these 

experimentss with more bulky porphyrins resulted in a similar but smaller effect and slight 

increasee for the branched aldehyde (24-30 %, compared to 12 %) was observed. Interestingly, 

uponn using the very bulky porphyrins If and lg the formation of the branched aldehyde 

increasedd up to 48 %, along with an increase in activity. Molecular modeling shows that when 

twoo molecules of If are associated to 14, the phosphorus donor atom and the rhodium metal 

complexx are encapsulated in a similar manner as with three porphyrins la (figure 8), 

explainingg the effects observed in catalysis. Job-plot analysis of titrations monitored by NMR 

spectroscopyy showed that 14 indeed forms a 1:2 complex with If. This clearly shows that 

encapsulationn of transition metal catalysts can also be achieved by two very bulky porphyrin 

units. . 

Figuree 8. Modeled structure of an encapsulated transition metal catalyst, consisting of three porphyrin 
l aa units (gray), tris-3-pyridyl phosphite 14 (white) and M = [HRh(CO)3] (black) (left). Modeled 

structuree of an embedded transition metal catalyst, consisting of respectively two porphyrin If units 
(gray),, tris-3-pyridyl phosphite 14 (white) and M = [HRh(CO)3] (black) (right). 
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2.33 Conclusion 

Wee have shown that hemi-spherical assemblies that encapsulate well-defined transition metal 

catalystss can be prepared from pyridylphosphine and pyridyl phosphite templates and 

porphyrinn building blocks. The self-assembled structures are based on selective pyridine 

coordinationn to zinc(II) porphyrins using a transition metal-pyridylphosphine complex as a 

template.. The various assembled catalyst systems are well-characterized using NMR and UV-

viss spectroscopy studies and could be identified under catalytic conditions using high-pressure 

infraredd spectroscopy. The effect of the catalyst encapsulation on catalysis was twofold; 1) 

mono-phosphinee complexes were formed, increasing the activity, isomerization and formation 

off  branched product as expected, 2) upon completely enclosing the catalyst by the assembly of 

threee porphyrins on tris-3-pyridylphosphine 5 or two very bulky porphyrins on 14, unexpected 

largee increase in activity and the formation of branched product is observed. We have 

observedd this effect for different species and the underlying mechanism is unclear as yet. this 

leadss to an increase in activity and selectivity. The use of these assemblies is not limited to 

pyridine-zincc interactions, but can be easily extended to other metallo porphyrins. 

Ruthenium(II)) porphyrins are of particular interest, due to the strong binding to the 

pyridylphosphines,, the less dynamic behavior lowers the activity but increases the selectivity 

off  the encapsulated rhodium catalyst. In general, the encapsulation of transition metal catalyst 

leadss to a new class of self-assembled catalyst systems with promising catalytic properties. 

2.44 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 CaPh and toluene was distilled from sodium under nitrogen. NMR spectra ('H, 31P and 
l3C)) were measured on a Bruker DRX 300 MHz and Varian Mercury 300 MHz; CDC13 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-nitrobenzyI 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 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).. Molecular modeling was performed using semi-empirical (PM3-tm) calculations on a 

unixx workstation using the Spartan software. 
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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(Il) porphyrins la-f,29,4748 zinc(II) 

porphyrinn lg,49 pyridylphosphines 2-530and ruthenium(II) porphyrin l l . 50 

PreparationPreparation of bis- (4-pyridyidiphenylphosphine) paUadium(H)methylchloride. 

Cycloocta-l,5-dienee methyl palladium(Il) chloride (1.13 mmol, 300 mg) and 4-

pyridyldiphenylphosphinee (2,51 mmol, 660 mg) were dissolved in 15 ml toluene and stirred 

forr 30 minutes. The formed white precipitate was filtered and washed with 5 ml toluene and 

subsequentlyy twice with 10 ml hexane. The solid was recrystallized from 

dichloromethane/hexanee (=1/1) to form a white micro-crystalline solid, yield 82 %. 

'HH NMR (300 MHz): 8 8.60 (bs, 4H), 7.69 (m, 8H), 7.42 (m, 15H), 0.02 (bs, 3H); 31P NMR 

(121.55 MHz): 8 29.8; 13C (75.465 MHz) 149.86, 149.59, 135.29, 132.30, 131.20, 128.90, 

128.53.. HRMS (FAB+): m/z calcd. for C35H32ClN2P2Pd ([MH+]): 683.0774; obsd.: 683.0795; 

anal,, calcd. for C35H31ClN2P2Pd: C, 61.51; H, 4.57; N, 4.10. Found: C, 61.42; H, 4.69; N, 

4.15. . 

PreparationPreparation oftrimeric porphyrin 12 

5-(4-hydroxyphenyl)-10,15,20-tris(phenyl)zinc(II)) porphyrin (247 mg, 0.356 mmol), 

azeotropicallyy dried with toluene (3x2 ml), and diisopropylethylamine (3.56 mmol) were 

dissolvedd in 20 ml CH2C12. The solution was cooled to 0 °C and drop-wise a solution of 1,3,5-

benzenetricarbonyll  trichloride (28.6 mg, 0.108 mmol) in 5.0 ml CH2C12 was added. The 

solutionn was allowed to warm to room temperature and stirred overnight. 10 ml of water was 

addedd and the organic solvent washed several times with water and dried over Na2S04. The 

productt was purified using flash-chromatography (basic alumina, CH2C12), yielding 78 % of a 

purple-redd solid. 

Alternatively:: 1,3,5-benzenetricarbonyl trichloride (52.3 mg, 0.197 mmol) and 0.3 ml 

triethylaminee were dissolved in 10 ml CH2C12. 5-(4-hydroxyphenyl)-10,15,20-tris(phenyl) 

porphyrinn (410 mg, 0.650 mmol) in 20 ml CH2C12 was slowly added and the solution was 

stirredd for 2 hours at room temperature. The mixture was washed with brine, water, 1M HC1 

inn water and water (2x). Zinc(II)acetate dihydrate (425.5 mg, 19.5 mmol) was added and the 

reactionn was refluxed for 2 hours, washed three times water and dried over Na2S04. The 

productt was purified using flash-chromatography (basic alumina, CH2C12), yielding 91 % of a 

purple-redd solid. 
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'H'H NMR (300 MHz): 6 9.69 (s, 3H), 9.09 (d, 3H, J = 4.5Hz), 9.04 (d, 3H, J = 4.5Hz), 8.99 (s, 

18H),, 8.41 (d, 6H, J = 8.4Hz), 8.26 (m, 18H), 7.86-7.74 (m, 33H); ,3C (75.465 MHz) 5 

166.21,, 158.19, 150.43, 150.24, 150.19, 142.81, 135.81, 135.43, 133-130, 127.48, 121.12, 

121.07,, 120.72; MS (FAB+): m/z calcd. for C,4iH85N,206Zn3 ([MH f]): 2239.4.; obsd.: 

2239.4;; anal, calcd. for Ci4|H84N1206Zn3: C, 75.65; H, 3.79; N, 7.51. Found: C, 75.74; H, 
3.71;; N, 7.26. 

PreparationPreparation ofdimeric porphyrin 13 

Thiss compound was prepared as described for 12, using 1,3-benzenedicarbonyl dichloride. 

Yieldd 94 % of a purple-red solid. 

'H'H NMR (300 MHz): 8 9.39 (s, 1H), 9.01 (s, 8H), 8.97 (s, 8H), 8.72 (d, 2H, J = 7.8Hz), 8.33 

(d,, 4H, J = 7.8Hz), 8.11 (m, 12H), 7.89 (m, 1H), 7.72 (d, 4H, J = 7.8Hz), 7.56 (m, 18H); 13C-

ATPATP (75.465 MHz) 8 166.16, 158.20, 150.42, 150.22, 150.16, 142.80, 135.78, 135.43, 133-

130,, 127.52, 121.09, 121.01, 120.62; MS (FAB+): m/z calcd. for C%H59N804Zn2 ([MH+]): 

1515.3;; obsd.: 1515.4; anal, calcd. for C96H58N804Zn2: C, 75.94; H, 3.85; N, 7.38 Found: C, 
76.41;; H, 4.21; N, 6.86. 

PreparationPreparation of tris-(i-pyridyl) phosphite 14 

3-Hydroxypyridinee (3.8 g, 40 mmol), azeotropically dried with toluene (3x5 ml), and 

triethylaminee (5.6 ml, 40 mmol) were dissolved in THF (80 ml) and the solution was cooled 

too -40 °C. Freshly distilled PC13 (1.16 ml, 13.3 mmol) was dissolved in THF (20 ml) and 

addedd dropwise. The solution was stirred subsequently for 10 minutes. The cooling bath was 

removedd and the solution was allowed to warm to room temperature, stirring was continued 

forr 1 hour. The reaction mixture was filtered to remove the solid material and the solvent 

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

filtrationfiltration the solvent was removed in vacuo, giving 1 (2.0 g, 7.0 mmol, 53 %) as a colorless 

oil:: 'H NMR (300 MHz): 8 8.46-8.45 (m, 3H, Ar-H), 8.42-8.40 (m, 3H Ar-H), 7.45-7.40 (m, 

3H,, Ar-H), 7.29-7.25 (m, 3H, Ar-H); 31P NMR (121.5 MHz): 8 126.95; 13C-ATP (75.465 

MHz)) 148.07, 146.32, 142.81, 128.09, 124.58. HRMS (FAB+): m/z calcd. for C s H ^ O aP 

([MH +]):: 314.0695; obsd.: 314.0686; anal, calcd. for CI5H,2N303P: C, 57.51; H, 3.86; N, 

13.41.. Found: C, 57.85; H, 4.25; N, 12.98. 

NMRR spectroscopy experiments. 

NMRNMR spectroscopy experiments on zinc(II) tetraphenylporphyrin la and 4-

pyridyldiphenylphosphinepyridyldiphenylphosphine 2: Under Schlenck conditions 16.6 mg (0.063 mmol) of 2 was 

dissolvedd in 2.0 ml of CDC13.
 3,P NMR (121.4 MHz): 8 = -6.43 ppm; 'H NMR (300.0 MHz): 

88 = 8.53 (d, 2H, pyrHl), 7.39-7.30 (m, 10H, ArH), 7.13 (d, 2H, pyrH2). Zinc(II) 
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tetraphenylporphyrinn l a (42.8 mg, 0.063mmol) was added and the solution was stirred for 5 

minutess to allow formation of the l:l-complex (la.2). 3 IP NMR (121.4 MHz): 8 = -6.08 ppm; 

'HH NMR (300.0 MHz): 8 = 8.86 (m, 8H, p-pyrrole-H), 8.19 (m, 8H, ArH), 7.73 (m, 12H, 

ArH),, 7.20 (m, 2H, ArH), 7.10 (m, 4H, ArH), 6.74 (m, 4H, ArH), 5.56 (bs, 2H, pyrH2), 3.34 

(bs,, 2H, pyrHl). 

3I3IP-NMRP-NMR spectroscopy study of methyl palladium bis(4-pyridyldiphenylphosphine) chloride 

([Pd(2)([Pd(2)22MeCl])MeCl]) in the presence of two equivalents zinc(II) tetraphenylporphyrin la: 31P NMR 

(121.44 MHz): 8 = 28.9 ppm (s); 'H NMR (300.0 MHz): 8 = 8.84 (m, 16H, p-pyrrole-H), 8.16 

(m,, 16H, ArH), 7.72-7.68 (m, 24H, ArH), 7.20 (m, 4H, ArH), 7.06 (m, 8H, ArH), 6.77 (m, 

8H,, ArH), 5.67 (bs, 4H, pyrH), 2.98 (bs, 4H, pyrH), -1.06 (bs, 3H). 

NMRNMR spectroscopy study of platinum bis(4-pyridyldiphenylphosphine) dichloride 

([Pt(2)([Pt(2)22ClCl22]):]): 31P NMR (121.4 MHz): 5 = 14.2 ppm (s, JPt.P = 3636Hz); lH NMR (300.0 

MHz):: 8= 8.38 (m, 4H, pyrH), 7.66 (m, 8H, ArH), 7.40 (m, 12H, pyrH), 7.03 (m, 4H, pyrH), 

2.011 (s, 6H, free CH3CN). In the presence of two equivalents zinc(II) tetraphenylporphyrin 

la:: 31P NMR (121.4 MHz): 8 -13 .6 ppm (s, JPt-P = 3636Hz); 'H NMR (300.0 MHz): 8 - 8.86 

(s,, 16H, (5-pyrrole-H), 8.15 (m, 16H, ArH), 7.74 (m, 24H, ArH), 7.17 (m, 4H, ArH), 6.86 (m, 

16H,, ArH), 5.88 (bs, 4H, pyrH), 2.01 (s, 6H, free CH3CN), 1.57 (bs, 4H, pyrH). 

TheThe NMR spectroscopy experiments of palladium bis(tris-3-pyridylphosphine) dichloride 

[Pd(5)[Pd(5)22ClCl22]] andzinc(II) tetraphenylporphyrin la: Zinc(II) tetraphenylporphyrin l a (159.5 mg 

(0.2355 mmol), 20.8 mg (0.0784 mmol) of tris-3-pyridylphosphine 5 and 15.0 mg (0.0392 

mmol)) of palladium bis(benzonitrile) dichloride were dissolved in 3.0 ml CDCI3 and the 

purplee solution was stirred for 30 minutes. 31P NMR (121.4 MHz): 8 = 7.0 ppm (s, Pd-P), 8 = 

-25.11 ppm (s, P); 'H NMR (300 MHz): 8 = 8.70 (m, 48H, (3-pyrrole-H), 7.89 (m, 48H, ArH), 

7.633 (m, 27H, ArH, NCArH), 7.43 (m, 50H, ArH, NCArH), 7.20-7.10 and 6.81 (2m, 5H, Pd-

NCArH),, 5.90-5.76, 5.12-5.08, 5.05-4.85, 3.74, 3.37, 2.46, 1.78 (7m, 24H, pyrH). 

Alternitavily:Alternitavily: 20.8 mg (0.0784 mmol) of tris-3-pyridylphosphine 5 and 15.0 mg (0.0392 

mmol)) of palladium bis(benzonitrile) dichloride were dissolved in 3.0 ml CDC13 and the 

yelloww solution was stirred for one hour. 31P NMR (121.4 MHz): 8 = 11.4 ppm; *H NMR (300 

MHz):: 8 = 8.85-8.71 (m, 4H, pyrH), 8.09 (m, 2H, pyrH), 7.64 (d, 4H, NCArH), 7.58 (d, 2H, 

NCArH),, 7.46 (m, 4H, NCArH), 7.43 (m, 2H, pyrH). Zinc(II) tetraphenylporphyrin l a (159.5 

mgg (0.235 mmol)) was added to the yellow solution and stirred for 15 minutes, yielding the 

samee spectrum as mixing zinc(II) porphyrin la, tris-3-pyridylphosphine 5 and of palladium 

bis(benzonitrile)) dichloride. 
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TheThe NMR spectroscopy experiments of rhodium bis(tris-3-pyridylphosphine) acetylacetonate 

andzinc(ll)andzinc(ll) tetraphenylporphyrin la: 20.6 mg (0.0775 mmol) of tris-3-pyridylphosphine and 

10.00 mg of (0.0388 mmol) rhodium bis(carbonyl) acetylacetonate were dissolved in 3.0 ml of 

CDC133 and the yellow solution was stirred for 30 minutes. 31P NMR (121.4 MHz): 5 = 38.5-

32.11 ppm (bs). To the mixture 157.2 mg (0.233 mmol) zinc(II) tetraphenylporphyrin la was 

addedd and the purple solution was stirred for 15 minutes. 3IP NMR (121.4 MHz); 5 = 38.7 

ppmm (d, JP.Rh= 182 Hz), 5 = -25.0 ppm (s, P). 

NMRNMR spectroscopy experiments on ruthenium(II) tetraphenylporphyrin 11 and 4-

pyridyldiphenylphosphinepyridyldiphenylphosphine 2: 8.7 mg (0.033 mmol) of 2 was dissolved in 2.0 ml of toluene-d8. 
3IPP NMR (121.4 MHz, toluene-d8): 8 = -5.81 ppm; 'H NMR (300.0 MHz, toluene-d8): 8 = 

8.499 (m, 2H, pyrHl), 7.38-7.32 (m, 10H, ArH), 7.08 (m, 2H, pyrH2). Ruthenium(Il) 

tetraphenylporphyrinn 13 (12.3 mg, 0.017 mmol) was added and the solution was stirred for 1 

minutee to allow formation of the l:2-complex. 3,P NMR (121.4 MHz): 5 = -5.86 ppm; 'H 

NMRR (300.0 MHz): 8 = 8.60 (m, 8H, p-pyrrole-H), 8.18 (m, 4H, ArH), 7.99 (m, 4H, ArH), 

7.700 (m, 12H, ArH), 7.12 (m, 4H, ArH), 7.00 (m, 8H, ArH), 6.53 (m, 8H, ArH), 4.95 (bs, 4H, 

pyrH2),, 1.40 (bs, 4H, pyrHl). 

High-pressuree IR-experiments. 

Inn a typical experiment the high pressure IR autoclave39 was filled with 5.0 mg (19.4 umol) of 

[Rh(acac)(CO)2],, 25.7 mg (96.9 umol) of tris-3-pyridylphosphine 5, 197.1 mg (0.291 mmol) 

off  zinc(ll) tetraphenylporphyrin la and 15 ml of dichloromethane. The autoclave was purged 

threee times with 15 bar of CO/H2 (1:1), pressurized to approximately 20 bar, heated to 25 °C 

andd stirred for 2 hours. 

Catalysis. . 

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

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

[Rh(acac)(CO)2],, 10.4 umol of phosphine and 0.017 ml of dipea in 4.0 ml of toluene. The 

solutionn was incubated for 1 hour (80 °C) or 2 hours (25 °C) under 16 bar CO/H2 (1:1). A 

mixturee of 0.34 ml 1-octene and 0.17 ml of decane in 0.67 ml of toluene was added and the 

CO/H22 pressure was adjusted to 20 bar. The mixture was stirred at for 1 hour (80 °C) and 18 

hourss (25 °C). Then the autoclave was cooled down to 0 °C and the pressure was reduced to 

1.00 bar. A sample was taken and the conversion was checked by GC measurement of the 

crudee product after filtration over a plug silica to remove the catalyst. 

Alternatively,, a stainless steel 150 ml autoclave, equipped with 15 vessels and teflon stirring 

bars,, was charged with 0.042 umol of [Rh(acac)(CO)2], 1.04 umol of phosphine and 0.0017 
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mll  of dipea, 0.034 ml 1-octene and 0.017 ml of decane in 0.5 ml of toluene. The CO/H2 

pressuree was adjusted to 20 bar. The mixture was stirred at for 18 hours (25 °C). Then the 

autoclavee was cooled down to 0 °C and the pressure was reduced to 1.0 bar. 
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