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Transition-metal Complexes with Nano-sized Phosphine and Pyridine 

Ligands-Catalysis, Fluxional Behavior and Molecular Recognition 

 

Yasushi Obora, Makoto Tokunaga and Yasushi Tsuji* 

 

Catalysis Research Center and Division of Chemistry, Graduate School of Science, 

Hokkaido University, CREST, Japan Science and Technology Corporation (JST), 

Sapporo 001-0021, Japan 

 

Nano-sized phosphine and pyridine ligands having tetraphenylphenyl-, 

m-terphenyl-, poly(benzylether) moieties were synthesized.  These ligands showed a 

remarkable effect in homogeneous transition metal catalyzed reactions.  Pd(II) 

complex with tetraphenylphenyl substituted pyridine ligands show high catalytic 

activity in oxidation of ketones suppressing Pd black formation and maintains the 

catalytic activity for a long time.  Rh(I) complex catalyst with m-terphenyl substituted 

phosphine ligands showed remarkable rate accerelation toward hydrosilylation of 

ketones.  In addition, several phosphinocalixarene ligands were synthesized and their 

coordination studies with Pd(II), Pt(II), Ru(II), Ir(I), and Rh(I) metals were documented.  

Ir(I) and Rh(I) cationic complexes with 1,3,5-triphosphinocalix[6]arene ligand showed 

dynamic behavior with size-selective molecular recognition. 

 

KEY WORDS:  nano-sized ligand; dendrimer; calixarene; phosphine; pyridine; 

homogeneous catalysis; oxidation; hydrosilylation; ligand effects; molecular 

recognition   
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1. Introduction 

Since phosphines and pyridines serve as efficient ligands in homogeneous 

transition-metal catalyzed reactions, design and modification of the ligands have been 

extensively investigated to realize high catalytic activity and selectivity.1   However, 

major trials to modify the ligands have yet been carried out within proximal substitients 

around the catalyst metal center.  For example, very bulky phosphines such as P(t-Bu)3 

and tricyclohexylphosphine (PCy3) were utilized to be effective ligands in transition 

metal catalyzed reactions.2

Alternatively, design and preparation of nano-sized ligands with bulky 

substituents located remotely from catalyst center might be promising, which would 

show unprecedented catalytic performance.  There have been several reports in which 

nano-sized ligands were used in transition-metal catalyzed reactions, but so far their 

success was rather limited.3 

In this review, we summarize recent progress from our laboratoty in the field of 

nano-sized dendrimer pyridine and phosphine ligands having tetraphenylphenyl-,4 

m-terphenyl-,5 and poly(benzylether) moieties.6   These ligands show remarkable 

catalytic performance in Pd-catalyzed alcohol oxidation4 and Rh-catalyzed ketone 

hydrosilylation.5  In addition, we synthesized novel phosphine ligands having 

calixarene moieties (phosphinocalixarenes).7-10  Phosphinocalixarenes are attractive 

ligands since they have well-defined cavity to create a spacially confined nano-sized 

environment upon complexation with transition metals.11  Coordination properties of 

several phosphinocalixarenes with Pd(II), Pt(II), Ru(II) metals8,9 as well as molecular 

recognition properties of their Ir(I), and Rh(II) cationic complexes10 were also 

documented here. 
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2. Pd-catalyzed aerobic oxidation of alcohols with pyridine ligands having 

tetraphenylphenyl moiety4 

Nano-sized pyridine ligands having tetraphenylphenyl moieties (1a-e) were 

synthesized by utilizing Diels-Alder reaction of ethynylpyridine with corresponding 

2,3,4,5-tetraarylcyclopentadienone (Figure 1).12  Complexation of 1 with Pd(OAc)2 

afforded Pd(OAc)2(1)2 quantitatively.  The X-ray structure of Pd(OAc)2(1a)2 revealed 

that the 2,3,4,5-tetraphenylphenyl substituent at the 3-position of the pyridine ring 

spatially spreads out and covers the nano-sized area over the long-range from the Pd 

center (Figure 2).  However, steric congestion around the Pd coordination sphere is 

essentially the same that of corresponding pyridine complex Pd(OAc)2(Py)2,13 implying 

the large substituent at the 3-position would not obstruct the metal center.  
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Me

Me

Me
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MeMe
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Me
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Figure 1.  Pyridine ligands having 2,3,4,5-tetraphenylphenyl moiety. 
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Figure 2. X-ray structure of Pd(OAc)2(1a)2

 

To evaluate catalytic performance of the Pd(OAc)2(1)2 complexes, aerobic 

oxidation of alcohols was examined (eq 1).  Pd catalysts are generally known to show 

a good catalytic activity in this reaction.14  However, metal aggregation and 

precipitation cause catalyst decomposition and a considerable loss of catalytic activity.14  

The presented nano-sized ligands overcome this intrinsic problem of homogeneous Pd 

catalysts.   The result of Pd(OAc)2(1)2 catalyzed air oxidation of various alcohols are 

shown in Table 1. 

OH

R

Pd(OAc)2(1)2
0.1 equiv. NaOAc

toluene, 80 °C
Air (balloon)

O

R
(1)

 
Pd(OAc)2 and Pd(OAc)2(Py)2 (Py = pyridine) showed no or low catalytic 

activity in the oxidation of 1-phenylethanol and the Pd catalyst decomposed completely 

into Pd black (entries 1-2).  Similarly, Pd(OAc)2(3-PhPy)2 and Pd(OAc)2(3,5-diPhPy)2 

resulted in complete Pd black formation within 6 h and yielded acetophenone in ca. 

30% (entries 3-4). In contrast, Pd(OAc)2(1a)2 afforded acetophenone in 87% yield 

without the Pd black formation (entry 5).  The higher dendritic analogue 

Pd(OAc)2(1b)2 is more efficient catalyst (entry 6), achieving the highest TON = 1480 

with S/C = 2000 (entry 7).  Pd(OAc)2(1c)2 also catalyzed the reaction without the Pd 
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black formation (entry 8).  However, the use of Pd(OAc)2(1d)2 and Pd(OAc)2(1e)2 as 

the catalyst resulted in trace yields due to the Pd black formation.  The marked effects 

of 1a and 1b over pyridine (Py) ligands were also observed in the oxidation of various 

alcohols under air (Table 1, entries 9-21). Thus, the spatially spread moiety at the 

3-position effectively suppresses the Pd black formation and maintains the catalytic 

activity for a long time. 

 

Table 1.  Effect of pyridine ligands on palladium-catalyzed air oxidation of alcoholsa

entry alcohol ligandb time/h yield/%c Pd black formationd 
1 1-phenylethanol none 24 trace +  
2  Py 24 23 +  
3  3-PhPy 6 34 +  
4  3,5-diPhPy 6 32 +  
5  1a 72 87 –  
6  1b 72 >99 (95) –  
7e  1b 96 74 –  
8  1c 72 63 –  
9 2-octanol Py 2 21 +  
10  1a 96 69 –  
11  1b 96 79 (75) –  
12 benzyl alcohol Py 2 23 +  
13  1a 48 74 –  
14  1b 48 78 –  
15 2-heptanol Py 8 27 +  
16  1a 72 52 –  
17  1b 72 72 –  
18 3,3-dimethyl-2-butanol Py 4 32 +  
19  1a 96 89 –  
20 2-hexanol Py 2 24 +  
21  1a 96 72 –  
a S/C=1000. b The ligand of the Pd(OAc)2(ligand)2. c Determined by GC. Isolated yields 
in parentheses.  d +: Complete Pd black formation. –: No Pd black formation.  e 

S/C=2000. 

 5 



3. Rh-catalyzed hydrosilylation of ketones with the bowl-shaped phosphine as a 

ligand5  

The two m-terphenyl substituted triarylphosphine ligands, 

tris(2,2",6,6"-tetramethyl-m-terphenyl-5'-yl)phosphine (2a)15 and 

tri(m-terphenyl-5'-yl)phosphine (2b) were synthesized by lithiation of the corresponding 

m-terphenyl bromides followed by a reaction with PCl3.5   

P

R

R

R

R
3

R= Me: 2a
R= H: 2b

      

The ligands 2a and 2b were compared with other common phosphine ligands 

in Rh-catalyzed hydrosilylation of cyclohexanone with HSiMe2Ph (eq 2, Table 2).  In 

the presence of 0.5 mol% [RhCl(C2H4)2]2 combined with 2a (P/Rh = 2), the reaction 

proceeed at room temperature for 3 h and cyclohexanol was obtained in 97% yield after 

a desilylation (entry 1).  In contrast, 2b afforded the product only in 25% yield under 

the similar reaction conditions (entry 2). The reactions with other conventional 

triarylphosphines (entries 3–6) and trialkylphosphines (entries 7–9) were sluggish 

showing lower catalytic activity than 2a.  Thus the phosphine ligand having methyl 

substisuents at 2,2”,6,6”-positions, 2a, showed marked rate enhancement effect in the 

hydrosilylation.  A kinetic study indicated that the 2a ligand realized 154, 31, and 28 

times faster reaction than PPh3, 2b, and P(o-tol)3, respectively.   

 

+
R1 R2

OH

R1 R2

O
R3

3SiH

[RhCl(C2H4)2]2

HCl/MeOH
(2)

rt, 3h

Phosphine Ligand
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Table 2.  Effects of ligands in the hydrosilylation of cyclohexanonea

entry ligand yield /%b c

1 2a 97  
2 2b 25  
3 PPh3

P(2-fu
7  

4 ryl)3

P(o-tol)
22 

5 3

PMes
32 

6 3

PEt
25 

7 3

PCy
<2 

8 3

P(tBu
<2 

9 )3 31 
a

b

Reaction conditions: c anone (1.0 mmol), HSiMeyclohex 2Ph (1.2 mmol), 
[RhCl(C2H4)2]2 (0.0050 mmol), ligand (0.020 mmol), tridecane (0.25 mmol, as an 
internal standard), benzene (1.0 mL), rt, 3 h.  btol = tolyl, Mes = mesityl, Cy = 
cyclohexyl.  cYield of cyclohexanol by GC after the desilylation with HCl/MeOH.  

 

The rate enhancement with 2a was also evident using other silanes such as HSiEt3 

and ketones such as acetophenone and (–)-menthone (Table 3).  
aTable 3.  Hydrosilylation with various substrates

entry ketone silane ligand time/h yield /%
1 cyclohexanone HSiEt3 2a 21 81 
2   2b 21 36 
3   PPh3

2a 
21 13 

4 cyclohexanone 
 

HSiMePh2

 
20 97 

5 2b 20 37 
6   PPh3

2a 
20 27 

7 acetophenone 
 

HSiMe2Ph 
 

5 96 
8 2b 5 15 
9   PPh3

2a 
5 15 

10 
11 

(–)-menthone 
 

HSiMe2Ph 
 

20 
20 

92 (45/55)c

2b 8 (43/57)c

12   PPh3 20 12 (38/62 c)
) ]  (0.005aReaction onditions: ketone (1.0 mmol), silane (1.2 mmol), [RhCl(Cc 2H4 2 2 0 

mmol), ligand (0.020 mmol), tridecane (0.25 mmol, as internal standard), benzene (1.0 
mL), rt.  bYield of alcohol by GC after the desilylation with HCl/MeOH.  cProducts 
ratio (neomenthol/menthol).   
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The bowl-shaped ligand 2a showed much more high rate enhancement effect 

than structurally comparable 2b.  The structures of 2a and 2b were optimized by 

HF/6-31G(d)-CONFLEX /MM3  calculation and they have nanosized bowl-shaped 

structures with the phosphorous atom at the bottom (Chart 1).  Diameters of the bowl 

of 2a and 2b were 1.99 and 1.95 nm, respectively.  The difference in reactivity 

between 2a and 2b cannot simply explain by the steric (cone angle) and electronic 

effects (basisity) of the phosphine since they have comparable cone angles (205 °for 2a 

and 193° for 2b)  and basicities by judging JP-Se coupling constants of the phosphine 

selenides (769.7 Hz for 2a, 765.5 Hz for 2b).

 

      

16 17

18 1

19 

R

R

P

RR

R
R

R

R

R
R

R

R

Chart 1  

The most important difference between 2a and 2b is the depth of the bowl 

(0.208 nm for 2a and 0.132 nm for 2a).  This result indicate that the deeper 

bowl-shaped 2a ensures substantial empty space around the phosphorus atom and, at the 

same time, is bulky enough to provide a low coordinated species with a rhodium metal.  

This long-range steric effect of 2a prevailed the formation of Rh mono-phosphine 

spiecies which facilitate the rate enhancement toward hydrosilylation.  

 

4. Nano-sized Pt(0)-phosphine complexes having polybenzylether moiety6 

Mono- (3a-c) and bidentate (3d-e) dendrimer-phosphine ligands connecting 
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Frećhet type poly(benzylether) unit were synthesized as shown in Figure 2.  The 

defect-free monodisperse nature of 3 was confirmed by 31P NMR and ESI mass spectra.  

  

P

O

O
O

O

O
O

P

O

O
O

O O

O

OO

O
O

OO

O

O

P

O

O
O

O O

O

OO

O

O

O
O O

O

O

O

O
O

OO

O

O

O O

O

O

O

O O
O

3b 3c3a  

P

O O

O

O

O

O

O

O

O

O
O

O

O

O

P

OO

O

O

O

O

O

O

O

O
O

O

O

O

P

O O

O

O

O

O

P

OO

O

O

O

O

3d 3e  

Figure 2. Monodentate and bidentate phosphine ligands of monodentate w

 Two equiv of 3a and 3b was allowed to react with PtCl2(COD) at room 

temperat  

ith 

poly(benzylether) dendrimer units. 

 

ure gave cis-PtCl2(3a)2 and cis-PtCl2(3b)2 complexes in high yields (Scheme 1). 
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Subsequently, reduction of cis-PtCl2(3a)2 and cis-PtCl2(3b)2 with NaBH4 gave 

corresponding Pt(0) complexes (Scheme 1).  The presented metal complexes posses 

one metal at core and the metal is surrounded by nanosized dendrimer moiety.  The 31P 

NMR of the Pt(0) complexes shows the signals at 48.2-49.0 ppm with 1JP-Pt coupling of 

4445-4455 Hz. These chemical shifts as well as the 1JP-Pt values are very similar with 

those of Pt(PPh3)3 (49.9 ppm, 1JP-Pt = 4438 Hz),20 but not with Pt(PPh3)4 (9.2 ppm, 1JP-Pt 

= 3829 Hz).20 Thus the ligands (3a and 3b) gave tris complex Pt(3)3.  The use of 

excess of ligand did not yield the tetrakis complex.  This may be attributed to the 

voluminous size of the dendrimer phosphine ligands.21  With the chelating phosphines 

(3d and 3e), bis-Pt(0) complexes (Pt(3d)2 and Pd(3e)2) were obtained in high yields by 

the reaction of PtCl2(COD) followed by reduction with NaBH4. 

 

Scheme 1. Synthesis of Pt(II) and Pt(0) complexes with monodentate 

dendrimer-phosphine ligands (3a,b) 

[Gn]O O[Gn][Gn]O

PtCl2(COD)PhP

O[Gn]

O[Gn]

Pt
Cl

Cl

P

P

O[Gn]

O[Gn]
[Gn]O

NaBH4

THF/H2O

P

P

O[Gn][Gn]O Ph

O[Gn]

Pt
P

[Gn]O

O

[G1]=
O

O
O

[G2]=
O O

O
O

cis-PtCl2(3)2 Pt(3)3

3 (3a: n = 1, 3b: n = 2)

Ph Ph Ph
Ph
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P

P

Pt

P

P

O[Gn]

O[Gn]

OO
[Gn]O

[Gn]O O O

Pt(3d)2: n = 1, Pt(3e)2: n = 2

[Gn] [Gn]

[Gn] [Gn]

 

Figure 3.  Pt(0) complexes of bidentate dendrimer-phosphine ligands (3d and 3e) 

 

The molecular modeling of 3e showed the Pt(0) complex has nanosized 

flattened globular structure and the diameter of 3e  is estimated to be 4.4 nm.  

Furtherm

room in some catalytic transformations. 

 

5. Nano-sized metal-phosphine complexes having calix[4]arene moiety 

5-1. Preparation and complexation of tetraphosphinocalix[4]arene adopting partial 

cone7 and 1,3-alternate conformations8 

We synthesized two kinds of tetraphosphinocalix[4]arenes (4a and 4b) ligands 

ore, several cavities appeared around the Pt, which might be utilized as a guest 

adopting partial cone (4a) and 1,3-alternate (4b) conformations (Figure 4).   

R = n-Pr (4b)

O

OO

O

PPh2
Ph2P

PPh2Ph2P

RR

R R

4a

OMe

PPh2
PPh2

OMe
OMe

Ph P2

MeO

Ph2P

 
4) adopting partial cone and 1,3-alternate 

conformations

Figure 4. Tetraphinocalix[4]arene ligand (
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4a was prepared by lithiation of the corresponding tetrabromocalix[4]arene 

olid-state NMR measurements of 4a elucidated 

that 4a a

lution, as 

observed in the solid state.  For example, 13C NMR spectrum exhibit three resonances 

of the methoxy carbons at 61.8, 62.7, and 63.6 ppm in a 1:1:2 ratio and the two 

resonances of the methylene carbons at 31.5 ppm and 37.3 ppm in a 1:1 ratio.22   

However, a variable-temperature 31P NMR measurement shows a fluxional behavior of 

4a o

F/STO-3G) showed that the partial cone conformation is the most stable 

form, wh

 

with n-BuLi, followed by phosphination with chlorodiphenylphosphine.7  X-ray 

crystallographic analysis and CPMAS s

dopts a partial cone conformation.  The 1H and 13C NMR spectra measured in 

CD2Cl2 at –20 °C results are supported the partial cone structure of 4a in so

n NMR time scale due to annulus rotation.  Ab initio molecular calculation 

(HF/6-31G*//H

ile the cone and the 1,3-alternate conformers are only slightly less stable by 2.7 

kcal/mol and 4.5 kcal/mol, respectively.  

 Another tetraphosphinocalix[4]arene 4b was synthesized via Arbuzov 

phosphinylation of tetra(chloromethyl)calix[4]arene with Ph2POEt, tetra-O-propylation 

with n-PrI/K2CO3, followed by reduction with PhSiHCl2.8  The 1H and 13C{1H} NMR 

spectra of 4b showed singlet proton resonance at 3.24 ppm and a singlet carbon 

resonance at 36.0 ppm assignable to the bridging methylene group. These results were 

in full agreement with a 1,3-alternate conformation of 4b.22  Complexation of 4b with 

Ru(II) was carried out.  The reaction of 4b with 2 equiv of [RuCl2(p-cymene)]2 in 

CH2Cl2 afforded the tetranuclear ruthenium complex  [{RuCl2(p-cymene)}4·4b] as 

1,3-alternate conformer (eq 3).   
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PPh2 Ph2P

O[RuCl2(p-cymene)]2

OO

O

PPh2

Ru

Ph2P

Cl
Cl

Ru

Cl
Cl

RuCl

Cl
Ru Cl
Cl

4b (3)
CH2Cl2, rt, 3 h

quant.

R R

 

5-2. Fluxional behavior of nano-sized Pt(II) and Pd(II) complexes of 

bis(diphenylphosphino)calix[4]arene (5)

RR

9

 The diphosphinated calix[4]arene 5 was prepared by lithiation with n-BuLi of 

corresponding dibromocalix[4]arene, followed by phosphination with 

chlorodiphenylphosphine.9  In the 1H and 13C{1H} NMR spectra of 5, bridging 

methylene proton resonance appeared as two doublets with a geminal coupling (14 Hz) 

at 2.90 and 4.22 ppm and the bridging methylene carbon resonance afforded a singlet at 

31.3 ppm.   These data are all indicative of a cone conformation of 5 in 

solution-state.22  Variable-temperature 1H NMR spectra of 5 in a range of –50 to 

+70 °C showed no significant change and indicated the cone conforma on is stable. ti

O
O

PPh2

O

Ph2P

O

5  

Reaction of 5 with PdCl2(cod) under dilute condition results in formation of the 

trans coordinated dinuclear complex [PdCl2(5)]2 (Scheme 2 (i)).  X-ray structure of 

[PdCl

 

2(5)]2 reveals that the two phosphinocalix[4]arene molecules are linked by the two 
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PdCl2 fragments (Figure 5).  The compound [PdCl2(5)]2 is nano-sized molecule and 

the distance of the two Pd atoms are 13.187(2) Å.   On the other hand, reaction of 5 

with PtCl2(cod) affords the cis chelating mononuclear complex PtCl2(5) (Scheme 2 (ii)).  

The CPMAS solid state and solution 31P{1H}NMR spectrum measured at –80 °C 

showed two inequivalent phosphine resonances in equal intensities.  The 13C{1H} 

NMR spectrum of measured at –80 °C in CD2Cl2 showed four inequivalent bridging 

methylene carbons with the same intensity.  These observations clearly indicate 

PtCl2(5) has C1 symmetry in solution at –80 °C and in solid state.  In addition, 5 

reacted with [Pd(η3-C3H5)(cod)]BF4 to afford mononuclear cationic complex 

[Pd(η3-C3H5)(5)]BF4 (Scheme 2 (iii)).  The low-temperature 31P{1H} and 

13C{1H}NMR measurements suggest that [Pd(η3-C3H5)(5)]BF4 exists as 5: 2 mixture of 

two stereoisomers possessing a C1 symmetry.     

 

Scheme 2. 

O
O

PPh2

O

Ph2P

O

O
O

PPh2

O

Ph2P

O

Pd ClCl Pd ClCl

PdCl2(cod)

5

Pt

OO O

Ph2P

O

PPh2
Cl Cl

PPh2
PPh2

BF4

O
OOO

PPh2Pd

O
OOO

PPh2Pd

BF4

[Pd(η3–C3H5)(cod)]BF4PtCl2(cod)(i) (ii) (iii)

+

[Pd(η3–C3H5)(5)]BF4[PdCl2(5)]2 PtCl2(5)
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Figure 5.  X-ray structure of [PdCl2(5)]2.  Phenyl rings of the benzyl moieties are 

itted for clarity. 

 

Although PtCl2(5) exhibit C1 structure in solution at –80 °C, 

variable-temperature NMR spectra show the fluxional behavior.  At 20 °C, the 31P{1H} 

NMR spectrum changed into one sharp singlet with 195Pt satellites and the 13C{1H} 

NMR spectrum showed a singlet peak for the bridging methylene carbons.   This 

observation clearly indicate the symmetry of PtCl2(5) changes from C1 to C2v by raising 

the temperature.  Similar fluxional behavior in solution state was observed in 

[Pd(η3-C3H5)(5)]BF4 and the C1 symmetry of the compound at –80 °C is changed to CS 

motion) and twist motion of the calix[4]arene 

fold (T-motion)9 (see Scheme 3 for R-motion of PtCl2(5)).  Activation enthalpy 

(ΔH‡ = 41 ± 0.9 kJ mol 2(5) were determined 

latio

afforded activation enthalpies of R motion ( H  = 41 ± 1.4 kJ mol ) and T-motion ( H  

3 5 4

om

symmetry at 20 °C. The behaviors are caused by two separable motions: roll-over 

motion of the coordination plane (R-

scaf

-1) for the whole fluxional process of PtCl

by simulating23 of variable-temperarure 31P NMR.  Furthermore, similar simu n23 

Δ
‡ -1 Δ

‡

= 43 ± 1.5 kJ mol-1) for [Pd(η3-C H )(5)]BF  complex. 
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Scheme 3 

O
OOO

P
PPtCl

Cl

O
OOO

P
P Pt Cl

Cl

O
OOO

P P

Cl
Pt

Cl

 

ith siz

Ir(I) and Rh(I) cationic complexes with triphosphinocalix[6]arenes

6. Dynamic motion w e-selective molecular encapsulation with nano-sized 

10 

With regard to the phosphinocalixa

p n oieties (6) was synthesized. 1H, 

13 1 R, and X-ray crystallographic analysis showed 6 has a cone conformation.10 

rene ligand having a bigger cavity, a 

calix[6]arene having three diphenyl hosphi omethyl m

C{ H}NM

tBu
tButBu

tButBu tBu

OOOO O O

PPh2PPh2Ph2P
Me Me Me

6  
The triphosphinocalix[6]arene ligand 6 react with [Ir(COD)2]X (X = BF4 and 

BPh4 and [Rh(COD)2]BF4 at room temperature in CH2Cl2 for 3 h to afford nano-sized 

Ir(I) (7a and 7b) and Rh (I) cationic complex (7c) in high yields (eq 4). 

3+tBu
tBu tBu tBu

OOOO O OMe Me Me
Ph P2

tBu tBu

Ph2P PPh2

tButButBu
tBu

O O O OOO MeMe
Me

tButBu

Ph2P Ph2P PPh2

(COD)M M(COD)M(COD)CH2Cl2, rt, 3 h

7a: M=Ir , X = BF4  
7b: M=Ir , X = BPh4  
7c: M=Rh , X = BF4

2
(4)

 [M(COD) ]X
3X-

6
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X-ray crystal analysis showed 7a has a capsule-shaped structure having three 

iridium metals and two calix[6]arene moieties (Figure 6). The complex possessed an 

inner nano–sized cavity and one CH2Cl2 molecule was encapsulated in the cavity.  In 

the structure of 7a, three inequivalent phosphorous atoms (P1, P2, and P3) existed in a 

1: 1: 1

(d, 2J(P,P) = 18 

Hz), and 16.4 (s) ppm (Figure 7).  Activation enthalpies for these dynamic behaviors 

which equalized the three P atoms were determined by simulating23 these spectra at 

various temperatures: ΔH‡ = 27 (1) kJ mol-1 in CD2Cl2 and 64(3) kJ mol-1 in 

Cl2CDCDCl2.  The above-mentioned results indicated that the dynamic motion of 7a 

was dependent on the solvent size.  The Rh(I) analogue 7c showed the similar 

solvent-dependent 31P{1H} NMR spectra. 

 ratio.    In solution, the 31P{1H} NMR spectrum of 7a in CD2Cl2 at 25 °C 

showed one broad peak at 16.3 ppm, whereas the NMR spectrum in Cl2CDCDCl2 at 

25 °C showed three 31P resonances at 15.3 (d, 2J(P,P) = 18 Hz), 15.9 

Figure 6.  X-ray structure of cationic part of 7a 
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Figure 7.  31P{1H} NMR spectra of 7a in (A) CD2Cl2 and (B) Cl2CDCDCl2   

 

The abov ensitivity inherent in 

the cavity of 7a and 7c.  Thus the 31P{1H} NMR spectra of 7a were measured in the 

ructure.  

olecules in the group A showed one broad 31P resonances having a significant 

variatio

e mentioned phenomenon may be caused by size s

presence of various organic molecules to investigate the sensitivity of the cavity (Table 

4).  As a result, these molecules in Table 4 can be classified into three groups: group A 

(V < 81 Å3 and A < 45 Å2, entries 1-4), group B (V = 81 – 105 Å3 and A = 45 – 68 Å2, 

entries 5-9), and group C (V > 105 Å3 and A > 68 Å2, entries 10-13) estimated by using 

Connolly solvent-excluded volume (V)24 and maximum projection area (A)10 of the 

solvent accessible surface of structures25 on the B3LYP/6-31G(d,p) optimized st

M

ns of Δν values (197–315 Hz).  The group B showed three different 31P 

resonances, indicating the dynamic behaviors were sufficiently slow on the NMR time 

scale at 25 °C.   The molecules in group C showed one broad 31P resonances, but with 

comparable Δν values (212－218 Hz).  Thus the molecules in group A may be too 

small to fit the cavity of 7a, the molecules in group B are just-fitted in the cavity, and 

the molecules in group C are too large to enter the cavity.  It is of particular interest 

that present Ir(I) and Rh(I) phosphine complexes (7a and 7c) have such a dynamic 

motion with size-selective molecular encapsulation in organic solvents.  
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Table 4.  31P{1H}NMR of 7a with various moleculesa  

entry    molecule                            Vb/ Å3             Ac/Å2  
       P resonances /ppm   31   
A 1 CH2Cl2, 16.9 (  = 197 Hz)  52.9  35.9  

 4 CCl4, 17.0 (Δν = 315 Hz)   80.5  42.2  

 6 2,3-dimethyl-2-butene   92.0  57.0  

62.1  
  17.2 (d, J = 17 Hz), 18.0 (s), 18.1 (d)    

103.9  66.7 
  

 67.2

 

onnol

etraph nylphe l-, m-terphenyl-, 

sitio tal liga s show m kable s in 

eha or in n and lar 

Δν
 2 ClCH2CH2Cl, 17.1 (Δν = 238 Hz)  70.2  40.9
 3 CHCl3, 17.3 (Δν = 210 Hz)  67.7  42.0  

B 5 Cl2CHCHCl2    100.3  49.5 
  16.7 (d, J = 17 Hz), 17.2 (d), 17.8 (s)     

  16.7 (d, J = 17 Hz), 17.2 (s), 17.3 (d)     
 7 toluene     87.6  

 8 o-xylene    
17.5 (d, J = 18 Hz), 18.1 (s), 18.2 (d)    

 9 m-xylene    104.2   
  17.4 (d, J = 18 Hz), 18.1 (s), 18.2 (d)    
C 10 cumene, 17.7 (Δν = 216 Hz)   123.1  68.1 
 11 p-xylene, 17.8 (Δν = 212 Hz)  105.6  69.0  
 12 mesitylene, 17.2 (Δν = 218 Hz)  122.0  78.1 
 13 5-t-butyl-m-xylene, 17.4 (Δν = 214 Hz) 176.3  83.1 

a7a (5 mM) in the presence of the molecule (30% v/v) in CDCl3 at 25 °C.  
bC ly solvent-excluded volume. cMaximum projection area of the solvent 
accessible surface.  
 

7. Conclusion 

 A variety of nano-sized ligand having having t e ny

poly(benzylether), and calix[n]arene (n = 4 and 6) unit have been synthesized.  The 

tran n-me complexes with the present nd ed re ar effect

homogeneous catalysis, unique fluxional b vi solutio , molecu

recognition properties during dynamic motion. 
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