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Chelates-Syntheses, Absorption Spectra, and Photophysical Properties 
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Abstract: Several synthetic strategies havc 
been explored to prepare dendrimers hav- 
ing the [Ru(bpy)J2+ complex as their 
core (bpy = 2,2'-bipyridine). Dendritic 
ligands have bcen synthesized by attach- 
ing branches in the 4,4'-positions of bpy. 
The largest dendritic bipyridine ligand 
contains 54 peripherical inethylester units. 
Four Ru" dendritic complexes have been 
prepared. Their absorption and emission 
spectra are very similar to those of the 

unsubstituted parent Ru"- bipyridine 
complexes. The large dendritic complexes, 
however, exhibit a more intense emission 
and a longer excited-state lifetime than 
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Introduction 

Well-defined, highly branched, and nanoscopic are the terms 
most often used to describe the characteristics of cascade mole- 
cules,['] also called arborols,['] or, more frequently, den- 
dr i~i iers . [~]  After the first example prepared 1 S years ago,"] there 
has been an enormous number of publications dealing with 
dendrimers. particularly in the last three years.14] Nevertheless, 
dendrimers continue to reveal new potential. Recently den- 
drimers have also become commercially available. Manufactur- 
crs of fine chemicals use the divergent synthetic approach to 
produce polypropyleneamine and pol yamidoamine (PAMAMTM) 
de~idr imers[~]  in large scale. 

Owing to  the high but well-defined number of functional end 
groups and the prescnce of internal cavities. dendrimers offer ;I 
wide range of unique physical and chemical properties. A partic- 
ularly interesting class of dendriiners is that containing 
metals,[' ~ ' ' I  because in metal-based building blocks it is pos- 
sible to incorporate specific "pieces of information" such a s  
accessible redox potentials and low-energy excited states. Suit- 
ably designed dendrimers containing up to 22 RLI" and/or 0s" 
metal complexes absorb and emit visible light, undergo ii great 
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* dendrimers * 

* luminescence * 

[Ru(bpy),12+ in aerated solutions. This is 
due to the shielding effect of the den- 
drimer branches on the Ru- bipyridine 
core, which limits the quenching effect of 
molecular oxygen. For  the largest dendrit- 
ic complex, which contains 54 peripheri- 
cal methylester units, the excited-state 
lifetime in aeratcd acetonitrile solution is 
longer than 1 i ts, and the rate constant for 
dioxygen quenching is twelve times 
smaller than for [Ru(bpy)J2'. 

number of redox processes, and can function as antennas for 
light harvesting.[51 Furthermore many dendrimers have been 
prepared which contain metal complexes only at their surface.['l 
In contrast, only a few examples have been described of den- 
drimers in which the only metal center is at the core.["] Den- 
drimers based on a metal porphyrin core["' have been reported 
to exhibit quite interesting electrochemical[' and photophysi- 
cal" "1 properties. 

The complexes of the [Ru(bpy),]" family (bpy = 2,2'- 
bipyridine) are know to show a unique combination of photo- 
physical and redox properties.[' '] Because of these porperties. 
they are extensively used a s  photocatalysts," 31 reactants in in- 
termolecularr"] and intramolecular['41 energy- and electron- 
transfer processes, building blocks for the construction of 
supramolecular species.["] and luminescence labels for im- 
munoassays." '1 

In this paper we report the synthesis of bpy-based dendritic 
ligands and their Ru" complexes. The absorption spectra and 
luminescence properties of the dendritic complexes and of suit- 
able model compounds are compared and discussed. We also 
show that in the larger dendritic complexes (higher generations) 
the shielding effect of the dendrimer branches on the 
[R~(bpy)~] ' '  core strongly decreases the qucnching effect of 
molecular oxygen. 

Results and Discussion 

Synthesis: The synthesis of the new dendritic ligands was per- 
formed by a divergent strategy, using 4,4'-functionalized 2,2'- 
bipyridines as starting materials (Scheme 1).  Following the pro- 
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tion reported previously'' 8h1 was confirmed, and 
the desired product 4 could therefore not be ob- 

3 with Ru" were unsuccessful. We assume that the 
tained, Unfortunately, attempts to complcx ligand 
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Scheme 1 

cedure reported by Newkome et al.," '3 ' 4,4'-bis(bromo- 
methyl)-2,2'-bipyridine"gl ( 1 )  was treated with triethyl 
methanetricarboxylate to obtain the dendritic hexaester 2 as a 
colorless crystalline solid. Further reaction of 2 with the mono- 
meric branching unit tris(hydroxymethyi)aminomethane (Tris) 
led to formation of 3. This dendritic bipyridine ligand bears 
twelve hydrophilic hydroxyl functions on its surface and is as a 
very hygroscopic colorless solid. The structures of 2 and 3 were 
readily deduced from 'H and I3C N M R  spectra as  well as from 
mass spectrometric analyses. The positive fast atom bombard- 
ment (FAB) mass spectrum of 3 shows the protonated molecule 
ion at  nz/z 801.3 and peaks at  m/z 855.3 and 871.3 (molecular 
ion + 2 0  + N a + ,  molecular ion + 2 0 + K + ) .  The decarboxyla- 

2 
RuCI-JEtOH/Gd_ . R lRIS/DMSO 

dendritic surface is quite hydrophilic and that 
there is a strong interaction between the hydroxy 
functions of the dendritic ligand 3 and thc RLI" 
cation. A further possible explanation is the aggre- 
gation of the ligand, as  has been shown for some 
related arboroles," *I which prevents thc nitrogcns 
of the bpy ligands from coordinating the Ru" ion. 

A different synthetic pathway is shown in 
Scheme 2. The dendritic hexaester 2 was first com- 
plexed with Ru" to yield the complcx 5 .  Subse- 
quent reaction with Tris in DMSO at  room tem- 
perature gave the metallo-"iniceIlano1"" 6 .  
The identity and integrity of thc dendritic tris- 
(bipyridine)ruthenium(II) complcx 6 were proven 
by 'H and 13C N M R  spectroscopy and by means 
of the high-field shift of the bipyridinc protons in 
the 6,6'-positions. Compounds 5 and 6 show the 
characteristic absorption and emission spectra of 
Ru- bipyridine complexes (vide infra). Further 
growth of the dendrimer beyond gencration one 
was not possible by this synthetic method. 

An alternative iterative synthesis was then pur- 
sued to  obtain dendritic bipyridine ligands of 

higher generation and molar mass by using 2.2'-bipyridine-4,4- 
dicarboxylic acid (7) as starting material (Scheme 3). A similar 
synthetic approach was previously for the prepara- 
tion of metal porphyrins. Following standard methods. well- 
known in peptide chemistry, the diacid 7 WBS treated with the 
monomeric branching unit 8 to  yield the hexaester 9 (Scheme 3). 
This hexaester was readily hydrolyzcd with a NaOH solution in 
methanol/water to give the hygroscopic hexaacid 10, which 
could again be treated with the monomeric branching unit 8. 
The first-, second-, and third-generation dendrimers (9, 11, and 
13, respectively) arc colorlcss oils, which were purified by 
columm chromatography. The largest dendritic bipyridinc 13 
contains 54 peripherical methyl ester units and has a molar mass 

R 

R R=CO*Et 

5 

6 
Scheme 2. TRIS: tris(1iydroxymethyl)aminomethane. 
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Scheme 3 DCC: disyclohexylcarbodiimide; HOBf : 1 -hydroxy-IH-benaotriarole hydrate 

of 10 kDa. The formation of the dendrimers was established by 
'H and 13C N M R  spectroscopy and by positive-FAB and 
MALDI-TOF mass spectrometry. 

The tris(bipyridine)ruthenium(u) chelates 14 and 15 were syn- 
thesized from the dendritic bipyridines 9 and 11, respectively. 
Under the experimental conditions used (refluxing the ligand 
with Ru"' chloride in ethanol for 14 days) complete transeslerfi- 
cation (-OMe to -0Et)  occurred in the case of the first-genera- 
tion dendrimer. whereas for the second-generation dendrimer 
only a small amount of the transesterification product was ob- 
served. The reason for this difference in behavior is probably the 
fact that the second-generation dendrimer has a denser surface 
than the first-generation dendrimer. 

Remarkably the complexation of Ru" with the third-genera- 
tion ligand 13 did not proceed smoothly under the same exper- 
imental conditions. The characteristic metal-to-ligand charge- 
transfer (MLCT) bands in the visible region of the 
Ru"-polypyridine complexes could hardly be observed. We as- 
sume that the conversion from the transoid structure of the frcc 
ligand to the cisoid conformation needed for metal chelation is 
hindered by the dendritic branches. Another possible explana- 

tion is the competition of the donor centers in the dendritic part 
of the ligand with the bpy nitrogen atoms. 

Spectroscopic and Photophysical Properties: The absorption and 
emission spectra of compounds 6 in water and 15 in acetonitrile 
solution at 298 K are displayed in Figure 1, which also shows 
the absorption and emission spectra of the parent [Ru(bpy),12 + 

complex in acetonitrile solution. Table 1 gives a summary of the 
spectroscopic and photophysical data for compounds 5, 6, 14, 
and 15, and for the parent [Ru(bpy)J2+ complex. 

Since the dendrimer branches d o  not possess chromophoric 
groups, the absorption spectra of the dendritic complexes show 
exclusively the bpy-centered bands in the UV region and the 
metal-to-ligand charge-transfer (MLCT) bands in the visible 
region, characteristic of the Rut'-polypyridine complexes. In 
compounds 5 and 6, where the groups directly linked to the bpy 
ligand are saturated hydrocarbons, the maximum of the visible 
band is shifted less than in the case of compounds 14 and 15, 
where the substituents are amido groups. The length of the 
dendrimer branches does not seem to play a n  important role in 
the absorption spectra. 
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14 R=Et 

CR 

15 R=Me 

In Ru-polypyridine complexes emission originates from the 
lowest, formally spin-forbidden, 3MLCT level. The wavelength 
of the maximum of the emission band is clearly more sensitive 
to the chemical nature of the group directly linked to the bpy 
ligand than to the length of the dendrimer branches. For com- 

300 400 500 600 700 

h (nm) 
Figure I .  Absorption and emission (inset) spectra, a[ room temperature. or 
[Ru(bpy)J2+ in acetonitrile solution (~-), compound 6 in water ( . . .). and 
compound 15 in acetonitrile solution (---). The concentration IS 1.6 x l o - '  M in all 
cases. The emission intensities are given in arbitrary units; quiintum yields are given 
in Table 1. 

Table 1, Spectroscopic and photophysical data for the tris(bipyridine)rutheniurn(ll) complexes 

pounds 5 and 6 the emission maximum at 298 K is very close to 
that of [R~(bpy)~] '+ ,  whereas for compounds 14 and 15 thc 
emission maximum is red-shifted, as is the case for amido-sub- 
stituted bpy The samc effect can also be ob- 
served in a rigid matrix at 77 K. The emission lifetime in a rigid 
matrix at 77 K is very similar for all the compounds examined. 

The most interesting results concern the excited-state lifetime 
and the luminescence quantum yield in fluid solution at 2% K.  
In air-equilibrated solution, which is the usual condition for 
most applications, all the novel compounds exhibit a more in- 
tense emission and a longer excited-state lifetime than the parent 
[Ru(bpy),]'+ complex. In the case of compound 15, thc excited- 
state lifetime is more than five times longer than for 
[Ru(bpy),]'+. This is due to both the chemical nature of the 
group directly linked to the bpy ligand and the length of the 
dendrimer branches. The latter effect becomes particularly clear 
if we compare the data of compounds 14 and 15, where the 
groups directly linked to the bpy ligands are the same. In deaer- 
ated solutions the lifetime of 15 is shorter than that of 14, where- 
as in aerated solutions the situation is reversed. This indicates 
that the increase in length of the branches slightly decreases the 
intrinsic lifetime ofthe Ru-bpy core, but in aerated solution thc 
excited state of the compound with longer branches 15 is less 
quenched by dioxygen than the excited state of the smaller coin- 
pound 14. On going from 5 to 6 the effect is even larger, but i t  

Absorption [a] Emision 
i,,,,,, nm (8 ,  M-lcm-')  

x,,,, nm 7, PS 
298 K [a] 77 K [b] k ,  [c], h I r ' s - 1  

@ x  102 L,,, nm 7, ws 

[Ru(bpy)J2' 450 (13400) 61 1 172 [d] 1.6 [d] 582 4.8 2.5 x 10" 

5 459 (14100) 61 1 287 3.5 583 5.4 1 3 x 1 0 4  

6 [fl 460 (1 5 300) 61 8 580 3.7 ~ [hl ~ [hl I .3  x 109 

14 465 "1) 630 760 7.0 602 5.5 0 43 x 10Q 

15 468 (k l )  638 1010 6.2 606 5.5 0.22 x 10' 

990 [el 6.2 [el 

960 [el 10 [el 

730 [el 5.1 [el 

1940 [el 12 [el 

1740 [el 13 [el 

[a] Acetonitrile solution, unless noted otherwise [b] Butyronitrile solutmn. tinless noted otherwise. [c] Rate constant for quenching by dioxygen at 298 K. [d] Aerated 
solution. [el Deaerated solution. [f] H,O solution. [g] Oily compound, difficult to weigh. [h] Not measured 
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should be pointed out that the latter compound was examined 
in a different solvent. 

The quenching of the luminescent 3MLCT level of Ru"- 
polypyridine compounds by dioxygen contained in the solvent 
is a well-documented phenomenon.['21 Although some of the 
dctails of the quenching mechanism are still the object ofcontro- 
vcrsy, energy transfer and electron transfer are both involved. 
The quenching rate constant k, can be calculated from the 
Stcrn-Volmer equation"', 2 3 1  [Eq. (l)], where z1 and z are the 

excited-state lifetimes in deaerated and air-equilibrated solu- 
tions, respectikely, and [O,] is the concentration of dioxygen in 
the air-equilibrated solution (1.9 x 10- 3 M  in acetonitrile and 
0.29 x 1 0 - 3 ~  in water a t  298 K).[241 The k,  values obtained by 
Equation (1) for the various compounds are listed in the last 
column of Table 1. The quenching constant decreases by a fac- 
tor of about 6 on going from [Ru(bpy),12+ to compound 14, and 
further decreases by a factor of 2 from 14 to 15. The less effective 
quenching cffcct of dioxygen on the luminescent 3MLCT level 
of the R d - b p y  core in the dendriincrs can be assigned to one 
or more of the following factors: 1) decrease in the diffusion 
rate constant with the increasing volume of the compound; 
2) lower solubility of dioxygen in the interior of the dendrimer; 
3) preferential "solvation" of the metal-complex core by the 
dendrimer branches, hindering suitable orbital overlap for ener- 
gy or electron transfer. 

Conclusions 

We have explored several strategies to prepare Ru" complexes of 
dcndritic bipyridine ligands. By an iterative synthesis based on 
2,2'-bipyridine-4,4-dicarboxylic acid as starting material we 
succeeded in preparing bpy-based dendrimers up to  the third 
generation. By using dendritic bpy ligands, four new Ru" com- 
plexes were prepared. These complexes exhibit the expected ab- 
sorption and emission properties of Ru"-polypyridine com- 
pounds. However, their excited-state lifetime in air-equilibrated 
solutions is longer than expected. A comparative analysis of the 
results obtained shows that the dendrimer branches protect the 
Ru-bpy core from dioxygcn quenching. A long lifetime of the 
luminescent excited state is important for immunoassay applica- 
tions, since the signal of the label can be read after the decay of 
the background fluorescence of the sample, whose lifetime usu- 
ally is in the nanosecond tirnescaIe.'2s' We plan to  perform sys- 
tematic investigations by using a variety of quenchers in order 
to elucidate the details of the protection effect caused by the 
dendrimer branches. 

Experimental Section 

Materials and Methods: Chemicals were purchased from Aldrich and used as 
1-eceived except for CH,CI,, which was dried using molecular sieves 4 A. 
4,4'-Bis(bromomethyl)-2,2'-bipyridine (1). 4,4-bis(carboxylic acid)-2,2'-bi- 
pyridine'19' (7), and the monomeric branching unit 8 were prepared accord- 
ing to published Thin layer chromatography (TLC) was carried 
out on aluminum sheets precoated with silica gel 60F,,, (Merck 1.05554). 
The sheets were examined by UV light (i = 254 nm). Column chromatogra- 
phy was carried out using silica gel 60 (Merck 15101). Melting points were 
determined on a Kofler microscope heater (Reichert, Wien) and are not 

corrected. Microanalyses were performed by the Microanalytical Department 
at the "Inslitut fur Organische Chemie und Biochemie der Universitiic 
Bonn".r261 Low-resolution mass spectra were obtained on an A. E. I. 
(Manchester, UK) MS 50 operating in electron impact mode (EIMS): fast 
atom bombardmcnt mass spectra (FAB-MS) were recorded on a Kratos 
Concept 1 H spectrometer. The matrix used was nz-nitrobemy1 alcohol. 
MALDI spectra were recorded on a Kratos Kornpakt MALD13. with h i -  
troanthracene, 5-chlorosalicylic acid, or  1.8-dihydroxyanthmcene matrices. 
The ' H  and " C  NMR spectra were recorded on a Bruker AM250 (250 MHz 
('H). 62.9 MHz ("C)) or on a Bruker AM400 (400 MHr  ( 'H) .  100.6 MHz 
(' 3C) )  spectrometer. Absorption spectra were measured in acetonitrile solu- 
tion, unless otherwise noted, at room temperature with a Perkin-Elmer 
Lambda 6 spectrophotometer. Corrected luminescence experiments were per- 
formed in air-equilibrated acetonitrile or water solution at room temperature 
and in freshly distilled butyronitrile at 77 K. Luminescence spectra were 
obtained with a Perkin-Elmer LS 50 spectrofluorimeter. Luminescence decay 
measurements were performed with an Edinburgh single photon counting 
machine. Analysis of the decay curves was performed by employing either 
purpose-written nonlinear iterative programs or commercial programs. When 
necessary. deneration of the solutions was performed by repeated freeze- 
thaw-freeze cycles. Luminescence quantum yields were measured following 
the method described by Demas and Crosby[*MJ using [R~i(bpy) , ]~ '  as a 
standard (@ = 2.8 x lo -*  in aerated water so"tion).'*''Experirnental errors: 
/I, +2nm:c .  & l o % : ? ,  is%:@, ~20%.Tlienomenclatureusedtoindicate  
the dendrimers is that suggested by Newkome et al.[3"1 

6-Cascade 2: A solution of 4.4-bis(bromomethyl)-2,2'-bipyridine (2.00 g. 
5.8 mmol) in dry toluene/DMF (40 mL, 312 y v )  was added to a suspension 
of triethylmethanetricarhoxylate (6.85 g. 29.5 mmol) and potassium carbon- 
ate (4.10 &, 29.7 mmol) in dry toluene1DMF (50 mL. 3/2 ~ ( 1 ' )  at 50 'C .  The 
reaction mixturc was stirred for 4 d at 68 'C and then filtered. The solvent was 
removed in vacuo, and the remaining residue was dissolved in toluene 
(100 mL) and washed with brine. 7 %  NaOH, and brine. The organic layer 
was dried (Na,SO,), and the solvent was removed in vacuo to yield 2 as 
colorless crystals. 2.95 g (79% yield). M.p.: 114'K (cyclohexane); 'H NMR 
(250 M H z , C D C I , . ~ ~ ~ C ) : ~  =1.21 (1, 18H.,J(H.H) =7.2 Hz;CH3).3.57(s. 
4 H ;  CH,), 4.22 (4, 12H. ,J(H,H) =7.2 Hz; CH,), 7.28 (dd. 2H. 
'J(H,H) = 5.1 Hz, ,J(H,H) =1.2 HL; arom. CH), 8.29 (d, 2H,  'J(H.H) = 
1.2 Hz; arom. CH), 8.51 (dd, 2H,  3J(H,H) = 5.1 Hz. "J1H.H) =1.2 Hz; 
arom. CH); " C  NMR (75.47 MHz, CDCl,, 2 5 ° C ) :  6 =13.96 (CH,), 38.1 
(CH,). 62.6 (H,CO). 66.5 (CC=O),  123.4. 125.6. 145.9. 149.0. 155 (pyridine. 
C ,  CHI. 166.5 (C=Oj;  MS-50 ( 1 8 0 T .  70eV, 300mA): m:; (%): found: 
644.2585 (Dev. 0.4,66.8%). C3,H,,N,0,2 (644.682): calcd. C 59.62. H 6.25. 
N 4.35: found C 59.70, H 6.32. N 4.31. 

12-Cascade 3 :  Potassium carbonate (967 mg, 7.00 minol) was added to a 
solution of the hexaester 2 (752.7 nig. 1.17 inmol) and x,x.x-tris(hydroxy- 
methy1)methylamine (Tris) (848.6 mg, 7.00 mmol) in dry DMSO (10 mL). 
This reaction mixture was stirred for 12 h at room temperature, the solvent 
removed in vacuo, and the residue dissolved in a small quantity of DMSO: 
H,O. After addition of dry acetone 3 precipitated as a hygroscopic colorless 
solid; 652 mg (67% yield). 'H NMR (250 MHz, [DJDMSO. 25 C): 6 = 3.08 
( s ,  4 H ,  CH,), 3.22 ( s ,  6 H ,  CH), 3.47 (d. 8 H ,  'J(H,H) =10.8 Hz; CH,). 3.58 
(d, 8H.  'J(H,H) =11.1 Hz: CH,). 4.6-8.1 (brs, OH), 7.27 (d. 2H. 
'J(H,H) = 4.8 Hz:arom. CH),7.4-7.7(s. NH),  8.23(s,2H,arom. CH).8.51 
(d, 2H,  'J(H.H) = 4.8 Hz; arom. CH); I3C NMR (75.47 MHz. [DJDMSO, 
25 ' C ) :  0 = 30.7 (CH,). 59.7 (CH,OH). 61.7 (CR,). 63.34 (CR,), 78.5 
(0). 122.8, 126.0, 146.0, 148.7, 155.0 (pyridine C. CH) .  170.2 (CONH):  
FAB+-MS (m-NBA): ~77 /z :  801.3, 833.3, 885.3, 871.3, 965.2 ([MfH]', 
[M + 2 01 ' [ M  + 2 0 + Na] -. [ M  + 2 0 + K] + , [ M  + 2 0 + Csl-). C,,H,,N,- 
O , ,  (800.82). 

18-Cascade 5 :  RuCI j -3H,0  (65 mg, 0.25 mmol) was added to a solution of 
2 (488 mg, 0.76 mmol) in ethanol (40 mL). The reaction mixture was relluxed 
for 6 d. The solvent was removed in vxuo .  and the residue dissolved in hot 
water. After addition of NH,PF, an orange solid precipitated. The wlid w a s  
filtered and washed several times with brine and dried in vacuo to give 5 .  
Yield (54%), M.p. 63-65°C; ' H N M R  (250 MHz. CDCl,, 25 C ) :  b =1.20 
(t, 54H. ,J(H.H) =7.1 Hz; CH,), 3.64 (s. 12H. CH,). 4.24 (4. 36H. 
'J(H,H) =7.1 Hz: CH,), 7.36 (dd, 6H.  'J(H.H) = ,J(H,H) = 4.4 Hz. 
1.51 Hz; arom. CH). 7.49 (d, 6 H ,  'J(H,H) = 5.8 Hz: arom. CH) ,  8.25 (d. 
6 H ,  ,J(H.H) =1.5 HL: arom. CH); I3C N M R  (62.9 MHL. CDCI,. 28 'C): 
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6 =13.8 (CH,), 37.4 (CH,) 62.9 (H2CO). 66.1 (CCO), 125.9, 130.3, 147.8. 
150.7. 155.9 (pyridineC. C H).  166.0 (C=O);  FAB+-MS (m-NBA): 0 1 1 : :  

2179.7. 2107.6 ( M +  = [C,,Hi2,N,O,,RuPF,]+, M +  - C,H,O,), 2034.7, 
1961.6 ( M '  = [C,,H,,,N,O,,R~]+, M i  - C,H,O,) 1017.4 ( M " ) ;  
G , H  I zoN,O,,Rul(PF,), (2325.04). 

36-Cascade 6 :  Potassium carbonate (321 mg. 2.3 mmol) was added to a solu- 
tion of the ruthenium(n) complex 5 (300 mg, 0.13 mmol) and "Tris" (Tris(hy- 
droxymcthy1)aminomethane) (281 mg, 2.3 mmol) in dry DMSO ( 5  mL). The 
reaction mixture was stirred for 15 h a1 room temperature. and filtered. The 
solvent was removed in vacuo, and the residue dissolved in a sinall quantity 
of DMSO/H,O. After addition of dry acetone an orange-red solid precipitat- 
ed (304mg. 83%).  ' H N M R  (400 MHz, D,O, 25 C):  6 = 3.44 (s, 12H),  
3.55-3.71 (in. 72H, CH,OH). 7.27 (m. 6H, pyridylH), 7.6 (ni. 6H. 
arom. H), 8.38 (mbr, 6H,  arom. H); 13C NMR (300.6 MHz, D,O. 25'C): 
6 = 35.4 (ArCH,). 61.4 (CH,OH), 63.2.62.34 (CR,), 63.26 (CHIOH), 63.75 
(CH,), 122.8, 123.0, 126.0, 126.2, 155.0 (pyridine.-C,CH), 171.4 (CONH); 
Ci02H 1 j b N  IxO,,RuP,F, 2 (2793.45). 

6-Cascade 9: 4,4'-Bis(carboxy)-2,2'-bipyridine (7) (0.98 g, 4 mniol) and l-hy- 
droxy-lH-benzotriazole hydrate (HOBT) (1.10 g, 8 mmol) were dissolved in 
dry T H F  (60 mL). This solution was cooled to - 5  'C,  and l,I.l-tris(car- 
boxyethoxymethy1)aminomethane trimethyl ester (8) (3.03 g, 8 mmol) was 
added. A solution of dicyclohexylcarbodiiiiiide (DCC) (1.75 g. 8.5 mmol) in 
dry T H F  (15 mL) was added at  - 5  C by mcans of'a syringe. This i-eaction 
mixture was stirred for 2 h at - 5 '  C and warmed to room temperature 
overnight. The precipitate was filtered off, and the solvent removed in vacuo. 
The residue was dissolved in AcOEt and washed twice with sat. NaHCO, 
solution, citric acid solution ( 2 N ) ,  and brine. The organic layer was dried 
(Na,SO,) and the solvent removed in vacuo to yield 9 as a colorless oil. 2.4 g 
(62%). ' H N M R  (400 MHz, CDC1,. 25°C):  S = 2.50 (t, 12H, 3./(H,H) = 
6.2 Hz, CH,), 3.53 (s, 18H, CH,), 3.66 (t. 12H, ,J(H,H) = 6.2 Hz. CH,), 
3.76 (s. 12H, CH,), 6.74 (s, 2H,  NH),  7.65 (dd, 2H,  ,./(H,H) = 5.0 Ha, 
,J(H.H) =1.6Hz; arom. CH). X.64 (d, 2H, 4./(H,H) =1.6Hz, arom. CH), 
8.74 (d, 2H,  3J(H,H) = 5.0 Hz; arom. CH); "C NMR (300.6 MHz, CDCI,. 
25 C): d = 34.6 (CH,), 51.5 (CH,). 60.3 (Cq), 66.7 (CH,). 68.9 (CH,), 
118.4, 121.5, 143.5, 149.8, 156.2 (pyridine-C, CH) ,  165.5 (CONH), 172.0 
(CO,Me); El: m / i  : 935 ( [ M  - CH,O]+. 100); C,,H,,N,O,, (9F.99). 

6-Cascade 10: A solution of the dendritic hexaester 9 (1.00 g. 1.03 mmol) in 
methanol (75 mL) and NaOH (25 mL, 10% in water) was stirred at  room 
temperature 48 h. The pH of the solution was adjusted to 5 ,  and the solvent 
was rcmoved in vacuo. The residue was dissolved in T H F  and filtered. After 
removal of the solvent in vacuo compound 10 was obtained as a colorless very 
hygroscopic aolid (0.87 g. 95%).  ' H  NMR (250 MHz, [DJTHE 25 "C): 
6 = 2.46 (t. 12H, ,J(H,H) = 6.3 Hz, CH,), 3.60 (1, 12H. ,J(H,H) = 6.2 Hz. 
CH,). 3.73 (s, 12H, CH,), 7.74 (dd, 2H, 3J(H,H) = 5.1 Hz, ,J(H,H) = 
1.6 Hz: arom. H),  7.8 (s. 2 H ;  NH). 8.66 (d, 2H,  ,J(H.H) =1.6 Hz: arom. 
CH), 8.46 (d, 2H,  'J(H.H) = 5.15 Hz; arom. CH), 13C NMR (62.7 MHz, 
[DJTHF, 2 5 ° C ) :  6 = 35.0, 61.1, 67.1, 68.2, 120.8, 128.6. 136.6, 149.3, 157.5 
(pyridine-C, CH), 165.7 (CONH). 172.9 (CO,H): FAB*-MS (m-NBA): m / i  
(Yo): 883.2 ([M+H]+,  100); 905.2 ([M+Na]+,  10). 838.2 ( [ M  - COOH] ', 
10); C,,H,,N,O,, (882.3). 

18-Cascade 1 1  : The dendritic hexaiicid I0 (0.98 g, 4 mmol) and HOBT (0.8 g, 
5.2 mmol) were dissolved in dry THF (40 mL). This solution was cooled 
to - 5 " C ,  and 8 (2.00 g, 5.3 mmol) was added. A solution of DCC (1.2 g, 
5.8 mmol) in dry THF (15 mL) was added at  - 5 ' C  by means of a syringe. 
The reaction mixture was stirred for 2 h a t  -5 'C and warmed to room 
temperature overnight. After the mixture had been stirred for 3 d at rooni 
temperature, the precipitate was filtered off and the solvent removed in 
vacuo. The residue was dissolved in AcOEt and washed twice with sat. 
NaHCO, solution, citric acid solution (2 N).  and brine. The organic layer was 
dried (Na,SO,) and the solvent was removed in vacuo to yield 11 as a 
colorless oil. 1.73g (76%). ' H N M R  (400 MHz, CDCI,, 25 "2): a = 2.41 
2.57 (t, 48H. 'J(H,H) = 6.3Hz, CH,), 3.51-3.70 (m. 150H, OCH,CH,, 
CH,O, OCH,), 6.1-6.2 (brs, 8 H ,  NH), 7.7 (brs,. 2H.  arom. CH),  8.6-8.8 
(m, 4H,  arom. CH), 13C NMR (62.7 MHz, CDCI,, 2 5 ° C ) :  6 = 34.9, 35.0, 
37.6. 51.8, 60.1, 61.0, 67.0. 67.9, 69.5, 69.9, 118.9, 121.6. 143.6, 149.8, 156.2 
(pyridine C, CH), 165.5 (CONH), 170.9 (CONH), 172.2 (C0,Me); FAB+- 
MS (m-NBA): m / i  (YO):  3053.7 ([M+H]+,  100): 2965.9 (70): C,,,H,,,- 
N,,O, (3051.18) calcd. C 52. U. H 7.00. N 4.59; found C 52.43, H 7.11. 
N 4.65. 

IS-Cascade 12: A solution of I 1  (1.00 g, 1.03 mmol) in methanol (75 mL) a n d  
NaOH ( 2 5  mL. 1 0 %  in water) w tirred at room temperature 48 h. The pH 
of the solution was adjusted t o  5. and the solvent w:is removed in vaciio The 
residue was dissolved in THF and filtcrcd. Aficr removal of thc solvcnt i n  

vacuo compound 12 was obtained a s  a colorless very hygroscopic solid (0.87s. 
95%) ,  which was used for further rexl ion without purificalion. 'H NMR 
(400 MHz, CDCI,, 25 C ) :  S = 2.35 2.6 (t. 4XH. 'J(H.H) = 6 1 Hz. 
OCH,CH,), 3 55-3.75 (m, 75H, OCH,CH,. CH,O. OCH,). 6.1 (s. XH. 
NH). 8.2 (brd,  2H) ,  8.5 (d, 2H,  J (H .H)=X.3Hz) .  9.1 (brs. 2 H ) :  
C , i , ~ ~ l , ~ , N , , O , ,  (2802. S). 

SCCascade 13: The dcndritic acid 12 (1.42 g, 0.5 mmol) and HOBT (1.4 g. 
9.1 mmol) were dissolved in dry T H F  (40 mL).  Thc solution was cooled to 
O'C and 8 (3.60 g, 9.5 ininol) was added. A solution of N-cyclohexyl-N'-(2- 
morpholinoethy1)carbodiimide nietho-/~-toluenesuIronale (4 g. 9.4 inmol) in 
dry T H F  (15 mL) was added at  0 'C by means of a syringe. This reaction 
mixture was stirred for 2 h a t  0 "C and warmed to room temperature 
overnight. After the mixture had been stirred for 1 week at rooni temperature, 
the precipitate was filtered off and the solvent removed in v;icuo. The residue 
was dissolved in AcOEt and washed twice with sat. NaHCO, solution. citric 
acid solution ( 2 ~ ) .  and brine. The organic layer was dried (Na,SO,) and the 
solvent was removed in vacuo to yield 13 (2.13 g. 45%) a s  a colorless oil. 
' H N M R  (400 MHz. CDCI,, 25 C): 6 = 2.35- 2.6 (m. 156H. OCH,Cli,). 
3.45-3.80(m,474H.0CH2CH,. CH,O. OCH,),6.1 (brs. 26H.NH).  7.3- 
7,8 (m, 6H. pyridine CH); " C  NMR (62.7 MHz. CDCl,, 25 C): 6 = 22.1. 
24.9, 25.6, 27.8, 33.8, 34.5, 34.6, 37.1, 37.2. 51.6, 53.4. 59.7. 66.7. 66.8, 67.5. 
67.9, 68.5, 69.0, (pyridine C, CH not observed), 170.8. 171.0, 172.1 (CONH, 
C0,Me); C,,,H,,,N,,O,,, (9303. V) calcd. C 52.16, H 7.17. N 4.22; found 
C 51.96, H 7.14, N 4.28. 

Ruthenium(n) complex with 9 (14): RuCl,.3H,O (41 mg, 0.15 mmol) was 
added to a solulion of 9 (457 mg, 0.47 mmol) in ethanol (25 mL). The reac- 
tion mixture was refluxed for 14 d. The solvent was removed in VHCUO ond thc 
residue dissolved in hot water. After addition of NH,PF(, an orange oil was 
formed. The solution was extracted with CH,CI,. The organic layer was dried 
(Na,SO,) and the solvent removed in vacuo to yield 14 BS a n  orange-red oil 
(450mg. 7656). ' H N M R  (250 MHz. CDCI,, 2 5 ' C ) :  0 = I 2 0  (t. 54H. 
'4H.H) = 7 . 2 H ~ ) .  2.54 (t, 36H, ,J(H.H) = 6.1 Hz), 3.71 (t. 12H. 
,J(H,H) = 6.1 Hz), 3.79 (s, 36H). 4.05 (q, 36H, 'J(H-H) =7.2 Hz), 7.01 (s, 

CDC1,,25'C):6=14.1,34.8,60.4,61.0,66.8,68.7,122.6,125.9,144.5,152.1, 
6H, CONH). 7.77-7.85 (m. 12H). 8.97(s. 6 H ) ;  I3C NMR (62.7 MHz. 

156.6 (pyridinc-C, CHI. 163.2 (CONH), 171.7 (C0,Et) .  MALDI-TOF-MS 
(9-nitroanthracene): nzlz [%I: 3393.6 ( [ M  - PF6]+. 100) cnlcd.: 3398.3: 
C, 5oH222N I 20,,RuP2E',, (3544.46). 

Ruthenium(ri) complex with 11 (15): RuCI, .3H20 (41 mg, 0.15 mmol) was 
added to a solution of 11 (457 mg, 0.47 mmol) in ethanol (25 mL).  The 
reaction mixture was refluxed for 14 d.  The solvent was removed in VBCUC) a n d  
the residue dissolved in hot water. After adition of NH,PF, an orange oil was 
formed. The solution was extracted with CH,CI,. The organic layer was dried 
(Na,SO,) and the solvent was removed in vacuo to yield 15 as  an orange-red 
oil. (450 mg. 76%). ' H N M R  (400 MHz. CDCI,, 2 5 ' C ) :  S = 2.27-2.62 (in. 
144H; CH,), 3.53- 3.77(1n, 450H; CH,), 6.14-6.14 (s. 24H, CONH). 7.71 - 
7.78 (brs,  6H, arom. CH),  8.73-8.8 (m. 12H: arom. CH): NMR 
(62 .7MH~,CDCI , ,25"C) :6=14 .2 .34 .6 (2~) ,34 .9 ,37 .1  (2x) ,51.6.59.7.  
66.6, 69.0, (pyridineC, CH not observed). 165.5 (CONH), 170.9. 172.0 
(CONH), 172.1 (C0,Me); MALDI-TOF-MS (ClSs): m;: ( "A) :  9559.3 
( [ M +  CH,]'. 100): C,,,H,,,N,,O,,,RuP,F,~ (9544.55). 
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