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Abstract: Treelike (dendritic) structures 
made of Ru"-polypyridine complexes 
have been prepared by the "complexes-as- 
metals and complexes-as-ligands" syn- 
thetic strategy. The key building blocks 
are Ru" complexes of the 2,3-bis- 
(2-pyridy1)pyrazine (2.3-dpp) bridging lig- 
and, where one of the two chelating sites 
can be protected by methylation. Den- 

dendrimers exhibit strong absorption in 
the UV/Vis spectral region, a moderately 
strong red luminescence, and a great num- 
ber of metal-based oxidation and ligand- 

de 
de 

drimers containing four, ten, and twenty- 
two metal ions have been obtained. These 

SJISlreffts 

based reduction processes. The nature of 
the terminal ligands determines in which 
subunits of the supramolecular array the 
HOMO and LUMO orbitals and the lu- 
minescent excited state are localized. The 
reported synthetic strategy is eflicient, 
characterized by a full, step-by-step con- 
trol of the growth process, and can be eas- 
ily extended to building blocks containing 
other metals and/or ligands. 

Introduction 

Much attention is currently devoted['] to the preparation of 
highly branched treelike species, variously called cascade mole- 
cules,'21 arb~rols, '~] or dendri~ners.1~1 The reasons why such 
compounds are interesting from a fundamental viewpoint and 
promising for a variety of applications have been reviewedts1 
and highlightedr6] by several authors. Of particular interest are 
treelike structures (dendrimers) that incorporate specific "pieces 
of information" in their building blocks such as the capability to 
absorb and emit visible light and to reversibly exchange elec- 
trons.['] Such species, in fact, could find applications as compo- 
nents in molecular electronics['] and as photochemical molecu- 
lar devices[g' for solar energy conversion and information 
storage.'' - ' 2 ]  Polypyridine transition metal complexes are ideal 
components to build up dendrimers of this type.['31 We have 
developed a divergent synthetic procedure based on the "com- 
plexes-as-metals and complexes-as-ligands" strategy"] to pre- 
pare luminescent and redox-active dendrimers where the desired 
metals and ligands can be placed in specific sites of the 
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supramoiecular structure. Species containing four,['4* "1 

seven," 71 and thirteen["] metal-based units have already 
been described. Dendrimers containing metal atoms have also 
been reported by other groups.[20] In this paper we illustrate a 
generalized version of the synthetic strategy, based on an itera- 
tive protection/deprotection procedure. In principle, this diver- 
gent strategy can be used to prepare compounds of even higher 
nuclearity. We also describe the absorption, luminescence, and 
redox properties of three mononuclear building blocks, six in- 
termediate species with four and ten metal centers (which repre- 
sent the first and second generation, respectively, of OUT den- 
drimers), and a third generation compound, which contains 
twenty-two metal 

Results and Discussion 

Metal and iigands: The reasons for the choice of Ru" as a metal, 
2,3-bis(Zpyridyl)pyrazine (2,3-dpp) as a bridging ligand, and 
2,2'-bipyridine (bpy) as terminal ligand (Fig. 1) have been dis- 
cussed 7d* lebl Essentially, these ligands can be eas- 
ily coordinated to Ru" to give stable metal complexes, which 
exhibit intense absorption bands in the UV and visible spectral 
region, a reasonably strong and long-lived luminescence, and an 
extremely rich redox behavior" 31 (reversible one-electron oxi- 
dation at the metal center and reversible multielectron reduction 
at each ligand).[221 A particular important point is that 2,3-dpp 
can be easily methylated, so that one of the two chelating sites 
can be protected from coordination.[23] The methylated form of 
2,3-dpp, 2,3-Medpp+, is also shown in Figure 1. 
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Fig. 1.  Formulas of the ligands, and abbreviations and symbols used to represent 
the components of the dendrimers. 

“Complexes-as-metals and complexes-as-ligands” synthetic 
strategy: Mononuclear transition metal complexes are synthe- 
sized by combining metal ion (M’+) and free ligands (L), as 
shown in Equation (1). In the last few years we and others have 

been developing a procedure to  synthesize polynuclear metal 
complexes of desired nuclearity and chemical struc- 

uch a procedure is based on the use of com- 
plexes (building blocks) in the place of the metal ion (Mz+)  
and/or of the ligands (L) in Equation (1). The place of M” can 
be taken by mono- or oligonuclear complexes that possess labile 
ligands, so that they can give rise to species with unsaturated 
metal coordination sites (“complex metals”), and L can be re- 
placed by mono- or oligonuclear complexes that contain free 
chelating sites (“complex ligands”). 

Building blocks: The compounds described in this paper are 
schematized in Figure 2. Each compound is designated by a 
label where the number indicates the nuclearity, the letter 
whether the peripheral ligands are deprotected (d) or protected 
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Fig. 2. Schematic representation of the compounds used for and/or obtained by our 
synthetic strategy (for symbols used to represent metal and ligands, see Fig. 1 ; for 
explanation of compound labels, see text). 

(p) bridging ligands, or terminal (t) monochelating ligands, and 
the “prime” notation the presence of labile ligands (Cl-). Fig- 
ure 3 shows a more conventional representation of compound 
lot. 

The two key compounds for the synthesis of our dendrimers 
are the mononuclear [R~(2,3-dpp),]~’ (1 d) and [Ru(2,3- 
Medpp),CI,]’+ (l’p) species. Compound 1 d, first prepared by 
Petersen et al..[241 is a “complex ligand” since it contains three 

1 20+ 
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vacant chelating sites. As we will see later, this species plays the 
role of a “core” in the synthesis of our dendrimers. Compound 
l’p is an extremely interesting species prepared in our laborato- 
ries. It contains two labile CI- ions, and therefore can play the 
role of a “complex metal”. Furthermore. once it has been used 
as a “complex metal”, its two methylated ligands can be 
deprotected, and the new compound can thus be used as a 
“complex ligand”. The building blocks [Ru(bpy),CI,] (l’t) 
and [{ Ru(bpy),(p-2,3-dpp)},RuC12]4t (3’t). which contain 
terminal bpy ligands, can only play the role of “complex metal” 
and, as we will see below, they can be used “to close” the 
structure of a dendrimer (termination steps), that is, to ob- 
tain a species that cannot be further expanded (“sterile” spe- 
cies). The use in the termination steps of a ’t-type compound 
containing different metals and/or terminal ligands can lead to 
a variety of mixed-metal and/or mixed-ligand compounds (see 
below). 

Protection and deprotection: A divergent synthetic approach to 
polynuclear polypyridine complexes must be necessarily based 
on synthons such as [Ru(2,3-dpp),CI2], which is a t  the same 
time a “complex ligand” and a “complex metal”. In order to 
obtain a reasonable yield of synthons belonging to the “complex 
ligand” class, one needs a method capable of forcing a potential- 
ly bischelating ligand to act as a monochelating one. A possibil- 
ity is the in situ protonation of the pyridyl nitrogens that are to 
be inactivated toward coordination. This method, however, 
does not preclude formation of unwanted compounds of vari- 
ous n~clearities.’’~] Therefore we have elaborated a procedure 
to  methylate 2,3-dpp‘231 at one pyridyl nitrogen by using 
trimethyloxonium tetrafluoroborate or methyl triflate (methyl 
trifluoromethanesulfonate) as alkylating agents. The resulting 
protected ligand 2,3-Medpp’ (Fig. 1) allowed the facile, high- 
yield (90 %) preparation of synthon [R~(2.3-Medpp),Cl,]~ + 

(l’p); the protection proved to be stable under the conditions 
employed for the successive reactions of l’p as a “complex 
metal”, and we were able to set up a deprotection procedure 
fully compatible with the stability of the metal-ligand bonds 
(see Experimental Section). 

Synthesis of the dendrimers: The divergent synthetic approach is 
shown in Figure 4. Reaction of the “complex ligand” 1 d with 
the “complex metal” l’p in a 1:3 molecular ratio led to the 
tetranuclear complex 4 p  (first generation of our dendrimers), 
which contains six protected chelating sites in its periphery. 
Demethylation of 4 p  yields the tetranuclear complex 4d, which 
can play the role of “complex ligand”. Reaction of 4 d  with the 
“complex metal” l’p in 1 : 6 molecular ratio yielded the decanu- 
clear compound l o p  (second generation of our dendrimers). 
Deprotection of l o p  led to the decanuclear “complex ligand” 
10d, which contains 12 vacant chelating sites. The divergent 
iterative synthesis has been carried out up to  this stage. In prin- 
ciple, iteration of this procedure can lead to further generations, 
but difficulties are to be expected due to  the increasing number 
of reaction sites.151 The reaction of the “complex ligand” depro- 
tected species (d-family) with “complex metals” building blocks 
(‘t-family, e.g., l’t and 3’t) yields coordinatively saturated (ster- 
ile) dendrimers (termination steps, Fig. 4). We had previously 
carried out the reaction of 1 d-type with 3’t-type compounds to  
obtain a variety of decanuclear complexes.“81 Now we have 
reacted 4 d  with 3’t (Fig. 5 )  to yield the third generation do- 
cosanuclear complex 22 t.‘7b, 2 5 ]  This compound was reasonably 
well characterized with different techniques (see below). To our 
knowledge, 22 t (Fig. 6 )  is one of the largest Werner-type transi- 
tion metal complexes obtained so far. Dendrimers containing 

I v 
termination 

*A ’t-type compound * 

deprotection 1 

termination 
‘1-type compound 

* 

I deprotection 

termination A * 
1 d ‘t-type compound 

Fig. 4. Divergent synthetic strategy for the preparation of dendrimers based on 
transition metal complexes (symbols are explained in Figs. 1 and 2). The termina- 
tion steps yield sterile dendrimers and may be used for the synthesis of mixed-metal 
and/or mixed-ligand compounds, as shown in Figure 13. 

Ai + 
4d 

- - 1 : 6  

3’t ’c 

22t 
Fig. 5. Synthetic scheme for the preparation of complex 221 

12 Ru2+ ions or 24 Co2+ ions have been reported by Newkome 
et al.120”* dl  Not counting the 44 PF, counterions, the 22 t species 
is made of 1 090 atoms, has a molecular weight of 10 890 daltons, 
and an estimated size of 5 nm. Besides the 22 Ru” metal atoms, 
it contains 24 terminal bpy ligands and 21 2,3-dpp bridging 
ligands. 

Characterization of the dendrimers: Characterization of large 
molecules like dendrimers is a difficult task.r51 For neutral com- 
pounds, techniques based on colligative properties can be used 
to determine the molecular mass. Our compounds, however, are 
highly charged ions, and the use of the above techniques is not 
advisable because of the high number of counterions. Mass 
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General properties: All the com- 
pounds dealt with in this paper 
(Fig. 2) are soluble in common sol- 
vents (e.g., CH,CI,, CH,CN) and 
are stable both in the dark and 
under light excitation. In principle, 
they can exist as different isomers, 
depending on the arrangement 
of the ligands around the metal ions. 
A 2D-COSY ‘ H N M R  spectrum 
(400 MHz) of the [R~(2 ,3-dpp) , ]~+ 
“core” (1 d) shows that the purified 
material is a mixture of the mer and 
fac isomers in which the mer isomer 
predominates (92 “/o) . I z7 ]  The poly- 
metallic complexes can also be a mix- 

Fig. 6. Computer models of [ R ~ ( b p y ) , ] ~ + .  4t, lot. and 221 complexes. 

spectrometry has not yet been developed for compounds carry- 
ing such a high electric charge, and light scattering can hardly be 
used because of the strong absorption in all the UV and visible 
spectral region. 

In spite of the above difficulties, a reliable characterization of 
our dendrimers has been achieved by using a variety of tech- 
niques: 
1) Each compound (including precursors) was purified until 
TLC showed the presence of only one spot. 

2) Each building block was checked to be stable under the ex- 
perimental conditions. It is already known that in such com- 
pounds no ligand or metal scrambling occurs, as shown by 
the synthesis of a number of hexa-,[I6] and deca- 
nuclear[’81 species containing different metals and/or ligands in 
predetermined sites of the structure. 

3) Each one of the three types of steps (growth, deprotection, 
termination; Fig. 4) were accurately monitored as follows: 
Growth steps: i) The reaction of the “complex ligand” (d-family) 
compounds with the “complex metal” l’p was carried out under 
stoichiometric conditions. TLC analysis (AI,O,, CH,CI,/ 
MeOH 9: 1) showed that in each case at  least 90% of I’p had 
reacted. ii) For the product of the pfamily obtained in each 
growth step the ratio of aromatic to aliphatic protons in the 
‘H N M R  spectrum (where the strong signals of the methyl pro- 
tons lie in a clean spectral window around 6 = 4) was consistent 
with the expected formulations. iii) IR analysis on the p-family 
products showed the absence of the 990cm-’ band of un- 
bridged 2,3-dpp. 
Deprotectioti steps were carried out with a large excess of 
demethylating agent. The purified products did not show any 
‘H N M R  signal corresponding to methyl groups, so we can 
exclude the presence of residual methylated sites ( c 1 YO). 
Termination steps: The reaction of the complexes of the d-family 
with the “complex metal” 3’t (which was fully characterized by 
several techniques including FAB MS)[’8b* 261 was carried out 
under stoichiometric conditions until complete (>goo/,) disap- 
pearance of 3‘t (TLC analysis). Methylation of the t-family 
products was not observed under conditions that result in com- 
plete methylation of [R~(bpy),(2,3-dpp)]~+ (see Experimental 
Section); this demonstrated the absence of free chelating sites in 
the former (easily checked by ‘ H N M R )  and shows that the 
termination step had gone to completion (3% uncertainty). 

4) As we will show below, the luminescence and electrochemical 
properties are fully consistent with the reported formulations. 

ture of several diastereoisomeric spe- 
cies, since each metal center is a 
stereogenic center. For these reasons 

structural investigations on these systems are difficult. Differ- 
ences in the electrochemical and spectroscopic properties de- 
scribed below arising from the presence of isomeric species are 
not expected to be large.[28] 

As can be seen from the schematic views shown in Figures 2, 
3, and 6, the species with high nuclearity exhibit a three-dimen- 
sional branching structure of the type observed in otherwise 
completely different dendrimers based on organic compo- 
nents.[’ - Therefore, endo- and exo-receptor proper tie^'^] can 
be expected, which will be the object of future investigations. We 
would like to stress that our dendrimers differ from most of 
those prepared so far for two fundamental reasons: 1 )  each 
metal-containing unit exhibits valuable intrinsic properties such 
as absorption of visible (solar) light, luminescence, and oxida- 
tion and reduction levels a t  accessible potentials;[’31 and 2) by 
a suitable choice of the building blocks, different metals and/or 
ligands can be placed in specific sites of the supramolecular 
array, as we have already shown for the tetra-,[’41 hexa-,[l6I and 
decanuclear[’*] species (see below). In other words, our den- 
drimers are species that can incorporate many “pieces of infor- 
mation” and therefore can be used to perform valuable func- 
tions such as light harvesting, directional energy transfer, and 
exchange of a controlled number of electrons at  a given poten- 

The ligands involved in our dendrimers exhibit different elec- 
tron donor and acceptor properties. From the electrochemi- 
calIzzr. 29sl and behavior of the complexes of 
the [Ru(bpy),(2,3-dpp),_J2+ family, it can be deduced that bpy 
is a better electron-donor ligand than 2,3-dpp, and that 
monochelated 2,3-dpp is easier to reduce than coordinated bpy. 
When 2,3-dpp plays the role of a bischelated bridging ligand, its 
electron donating power toward a single metal decreases, be- 
cause the pyrazine ring is involved in the coordination of both 
metal ions. Furthermore, its reduction potential becomes more 
positive by about 0.4 V.[29”1 Methylation of 2,3-dpp mainly af- 
fects one of the pyridine rings. Therefore the electron-donor and 
-acceptor properties of the other chelating site are only slightly 
affected, but a new easily reducible center (the methylated pyri- 
dine ring) is now present. The latter center is likely to contain the 
LUMO orbital of the complex. In the dendritic species each 
metal-based unit will bring its own excited state and redox prop- 
erties. It should be pointed out, however, that these properties 
are affected by intercomponent interaction (see below). 

tial,[7c-f. 14b.c. 16b. 18b.291 

Electrochemical behavior: Previous investigations on oligonu- 
clear complexes of the 2,3-dpp family containing the terminal 
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ligand bpy have shown that[’4-19*22* 291 1) oxidation is metal- 
centered; 2) reduction is ligand-centered; 3) the 2,3-dpp bridg- 
ing ligands are reduced at  less negative potentials than the termi- 
nal bpy ligands; and 4) metal-metal and ligand-ligand 
interactions are noticeable for metals coordinated to the same 
bridging ligand and for ligands coordinated to the same metal, 
whereas they are small for metals or  ligands that are sufficiently 
far apart. 

The El , ,  values (V vs. SCE) of the observed redox waves for 
the examined compounds are collected in Table 1. In the case of 
oxidation, the observed waves are reversible with AEz 60 mV 
except for multielectron waves where AEcan reach 120 mV. For  
reduction, the criteria for reversibility (see Experimental Sec- 
tion) are difficult to apply because of waves overlapping (espe- 
cially in the case of waves involving different numbers of elec- 
trons). 

Table 1. Electrochemical results in argon-purged acetonitrile solution at room tem- 
perature [a]. 

Wbpy):’ [cl +1.29[1] 
I d  [dl +1.60[1] 
1 ‘P +0.66 [ l ]  [el 
1‘1 Irl +0.32 [I] 
4d [sl 
4P 
41 [hi f1.53 [3] 
10d 
10P + I 3 3  [3] 
101 + 1.53 161 [i] 
22 t + 1.52 (121 

+ 1.82 [ 11 [el 

a + 1.69 I 9 61 [g] 

-1.33 [I]; -1.52 [l]; -1.78 [ l ]  
-0.94 [l]; -1.12 [I]: -1.40 [ I ]  
- 0 . 7 8 ; ~  [l]; - 0 . 9 3 ; ~  [l] 
-1.67irr; - 1 . 7 8 ~  

-0.79;rr [6]: -0.98qr 131 
[BI 

191 

[jl 

-0.62 111; -0.77 [l]; -1.23 [l] 

-0.75irr [12]; -094yr [3] 
-0.73 161: -1.22 [3] 

[a] Po1enlials in volts vs. SCE; unless otherwise noted. the waves are reversible, 
qr = quasi-reversible (see text): irr = irreversible; for yr and irr  reductions. the 
potential is evaluated from the DPV peaks; for the symbols used to indicate the 
compounds. see Figure 2. [b] Number of electrons exchanged in square brackets. 
[c] This work: data in agreement with previously reported values. see ref. [13a], 
[d] For previously reported data. see ref. [24] (En‘ reported as + 1.68 V). 
[el Revised values: for previously reported data see ref. [7b]. [Q B. P Sullivan, D. J. 
Salmon. T. J. Meyer. J. Peedin. Itiorx. Chem 1979. 18. 3369. [g] Adsorption on the 
electrode. [h] Revised values: for previously reported data. see refs. [14b] and [15]. 
[i]  Revised values; for previously reported data. see ref. [18b]. [j] See text. 

Electrochemical oxidatioti : For the mononuclear species, the rel- 
atively low potential for the oxidation of l’t and l’p compared 
to that of [ R ~ ( b p y ) ~ ] ”  (which in our shorthand notation would 
be 1 t) can be attributed to the presence of the C1- ligands. The 
potential for the oxidation of 1 d (Table 1) is more positive than 
that of [Ru(bpy),]”. because, as mentioned above, 2,3-dpp is a 
weaker electron donor than bpy. Preliminary results show that 
[Ru(2,3-Medpp),lS+ (1 p) is even more difficult to oxidize. 

For  the tetranuclear compound 4d  meaningful results cannot 
be obtained because it adsorbs strongly on the electrode. Com- 
pound 4 t  (Fig. 7) exhibits a three-electron oxidation wave; this 
indicates that the three equivalent peripheral units are oxidized 
at  nearly the same potential. However, 4 p  (Fig. 7) exhibits a 
one-electron oxidation wave. a t  a much higher positive potential 
(Table 1). This shows that 1) in 4 p  the central metal ion is easier 
to oxidize than the peripheral ones, and 2) the peripheral 
[Ru(2.3-Medpp)J4+ units are much more difficult to oxidize 
than the peripheral [Ru(bpy),]’ units. Furthermore, compari- 
son of the potentials for the oxidation of 1 d and 4p shows that 
coordination of [Ru(2,3-Medpp),I4+ units considerably in- 
creases the potential for the oxidation of the I d  core. 

Complex 101 (Fig. 8) exhibits a six-electron oxidation wave 
that can be attributed to the oxidation, a t  nearly the same poten- 

::[ 
0 
-1.5 

I I .I’ I \  

2.0 v 
J ,  ,L,, , 

-0.5 * 1.5 
0 
-1.5 -1.0 

Fig. 7. Differential pulse voltammetry of 41 and 4p complexes (platinum working 
electrode). 

Fig. 8. Differential pulse voltammetry of 10t and lop complexes (platinum work- 
ing electrode). 

tial, of the six equivalent peripheral metal ions.[18b1 To a first 
approximation, the potential for the oxidation of the central and 
intermediate metal ions should be similar to that of the central 
metal ion of 4 p  (+ 1.82 V). After oxidation of the peripheral 
units, the oxidation of the central and intermediate units will of 
course be displaced to  more positive potentials. To evaluate the 
extent of this displacement for the central metal, one can use a 
correlation with the analogous 0 s  complexes,~’ 8b1 where the 
potential for the oxidation of the central metal ion is displaced 
by 0.22 V when the six peripheral units are oxidized. Therefore, 

Chem. Eicr. J.  1995. 1 .  No.  4 C VCH Verlagsgesellschajr mbH. 0-69451 Weinheim. 1995 05700833/95/0404-0215 S 40.00+ .25/0 215 



V. Balzani et al. FULL PAPER 

the oxidation of the central Ru ion of 10 t after oxidation of the 
peripheral units should be around (1.82 + 0.22) V. that is, near 
the end of the potential window examined. Oxidation of the 
intermediate units would of course occur a t  even more positive 
potentials, because of the interaction with the nearby oxidized 
peripheral units. 

For compound 10d adsorption on the electrode makes the 
data relatively unreliable. It seems, again, that the oxidation 
occurs at the peripheral metal ions. The potential at which 
oxidation takes place is more positive than that observed in the 
case of 10t because the ligand 2.3-dpp is a weaker donor than 
bpy. The agreement with the potential for the oxidation of 1 d is 
satisfactory. 

For compound lop a three-electron oxidation wave is ob- 
served, suggesting that the oxidation involves the three equiva- 
lent intermediate metal ions.[301 As can be seen from Figure 8, 
the differential pulse voltammetry (DPV) peak is somewhat 
broader than that of lot. The oxidation of the six peripheral 
units in lop is displaced to more positive potentials by the pres- 
ence of the positive charge on the 2,3-Medpp+ terminal ligands. 
The potential a t  which oxidation takes place is more positive 
than in the case of 10t and 10d because inner metal ions are 
involved. 

In agreement with the behavior shown by lot, the oxidation 
of 22t involves the peripheral metal ions, which are equivalent 
as indicated by the presence of a twelve-electron oxidation wave. 
For 10 t and 22 t the oxidation takes place at  practically the same 
potential because, in the two complexes, the peripheral metal 
ions involved in the process are in the same “surrounding” 
conditions. On the basis of the above discussion, oxidation of 
the inner metal ions in 22t (not directly connected to the oxi- 
dized ones) should occur around + 2.0 V. As for 10 t, no succes- 
sive oxidation can be observed, presumably because of the large 
positive charge accumulated in the periphery. 

Eleclrochemiccrl reduction: Because of the presence of a large 
number of polypyridine ligands, each capable of undergoing 
several reduction processes,1zzf1 the electrochemical reduction of 
the examined compounds shows very complex patterns. Com- 
pounds 4d and 10d are adsorbed on the electrode and d o  not 
give reliable results. 

The first reduction wave of compound 1 d (Table 1 )  occurs at 
-0.94 V, in agreement with the value reported in ref. [24]. and 
corresponds to a one-electron process. Comparison with the 
value for [Ru(bpy)JZt shows that, as mentioned above, coordi- 
nated 2,3-dpp is much easier to reduce than coordinated bpy. 
Comparison with the value for l p  ( -  0.80 V) shows that 
methylation displaces the reduction potentials toward positive 
values. Comparison between l‘t and [ R u ( b p ~ ) , ] ~ ’  (Table 1) 
shows that the presence of two CI- ions moves the reduction 
potentials to more negative values. It should also be noted that 
the first reduction wave of l’p is not displaced to  more negative 
potentials with respect to that of 1 p, despite the presence of two 
CI- ions. This indicates that reduction of the protected ligands 
takes place in the external methylated sites. 

As fm as the tetranuclear complexes are concerned (Fig. 7), 
compound 4 t exhibits three one-electron reduction waves start- 
ing at -0.62 V. which can be attributed to successive reduction 
of interacting bridging ligands. For potentials 5 -1.4 V other 
overlapping waves are present (not shown in Fig. 7) that can be 
attributed to the second reduction of the bridging ligands fol- 
lowed by the reduction of the bpy ligands. Compound 4p shows 
a six-electron wave at  -0.79 V. which can be assigned to the 
one-electron reduction of the six methylated peripheral ligands 
at nearly the same potential. A broad wave involving three 

electrons follows at more negative potential, assigned to  reduc- 
tion of the three bridging ligands. For potentials 5 -1.2 V unre- 
solved waves are observed (not shown in Fig. 7), which could 
represent the second reduction of the methylated ligands fol- 
lowed by the second reduction of the bridging ligands. 

Compound 10t (Fig. 8) shows two broad waves (at -0.73 
and - 1.22 V) followed by several other overlapping waves. The 
first wave, which corresponds to six-electron reduction process, 
may be attributed to the one-electron reduction of the six outer 
equivalent bridging ligands. Since the six processes take place at 
approximately the same potential, the six ligands interact only 
slightly with one another. This would suggest that the LUMO 
orbital mainly involves the more external chelating site of the 
2,3-dpp bridging ligand. The second wave, which involves three 
electrons, should represent the one-electron reduction of the 
three inner bridging ligands, again mainly on their external 
chelating site. The several overlapping waves present in the 
voltammograms at more negative potentials (not shown in 
Fig. 8) should correspond to the second reduction of the bridg- 
ing ligands followed by the reduction of the bpy ligands. 

In compound lop (Fig. 8) two waves are present ( -  0.75 and 
-0.94 V), followed by several other overlapping waves. The 
first wave, which involves a twelve-electron reduction process, 
corresponds to the one-electron reduction of the twelve outer 
methylated ligands. The second wave, which involves a three- 
electron reduction process, can be assigned to the one-electron 
reduction of the three inner bridging ligands. The six intermedi- 
ate bridging ligands, because of their closeness to the already 
reduced outer ligands, can be reduced only at  more negative 
potential than the three inner ligands. This is also in agreement 
with the fact that the reduction of the inner bridging ligands in 
lop takes place at a potential less negative than in 10 t, where the 
inner ligands are close to the already reduced six intermediate 
ligands. The unresolved waves observed at  potentials 5 -1.1 V 
(not shown in Fig. 8) should correspond to the reduction of the 
six intermediate bridging ligands overlapping the second reduc- 
tion of the methylated ligands. For 22t, both the CV and DPV 
patterns show the presence of many overlapping waves that can 
hardly be assigned. 

It is instructive to see how the reduction potentials of the three 
2,3-dpp ligands of the central core change on going from the 
mononuclear I d  to the tetra- and decanuclear complexes 
(Fig. 9). In 1 d the three ligands are reduced at  different poten- 
tials; this shows that there is a noticeable ligand- ligand interac- 
tion through the central metal. In 4t the three processes are still 
well separated, but they occur a t  less negative potentials, be- 
cause the LUMO of each bridging ligand is stabilized by 
[Ru(bpy)J2’ coordination. For 4p, lop, and lot, reduction of 

-lis Ey2, V va SCE -0.6 -1.0 

I d  

4 t  

4 P  

Fig. 9. Correlation between the reduction potentials of the core 2.3-dpp ligands in 
various complexes. The black circles indicate that the reduction of the core ligand 
occurs after reduction of other sites (see text). 
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the central bridging ligands occurs after reduction of other sites 
(Table 1, Figs. 7 and 8). Under such conditions, the three reduc- 
tion waves almost coalesce; this indicates that the ligand-ligand 
interaction through the central metal decreases. A determinant 
factor for such through-metal interaction is the energy differ- 
ence between the R* LUMO of the ligands and the R I , ,  orbitals 
of the metal. The decrease in the ligand-ligand interaction 
could then be explained by the fact that an increase in the LU- 
MO energy of the central bridging ligands caused by the reduc- 
tion of external units increases the energy difference between 
ligand LUMO and metal l,, orbitals. 

Reduction of the central bridging ligand in 4 p  occurs at more 
negative potentials than in lop, because the already reduced 
sites are closer in the former compound. At first sight it may 
appear strange that the reduction of the central bridging ligands 
of 10t occurs a t  approximately the same potential as the third 
reduction of 4t ,  in spite of the presence of six outer reduced sites 
in the former compound. One should consider, however, that in 
4 t  the third wave is displaced to negative potentials by the 
ligand-ligand interaction. which is strongly reduced in 10t (see 
above). 

Absorption and emission properties: Each mononuclear Ru- 
based unit exhibits intense ligand-centered (LC) bands in the 
UV region and moderately intense metal-to-ligand charge trans- 
fer (MLCT) bands in the visible. As is shown by the electro- 

m 800 

Fig. 10. Absorption spectra of compounds lop. 10d, and 101 in acetonitnk solu- 
tion at  room temperature. 

Table 2. Spectroscopic and photophysical data [a] 

chemical behavior (see above), there is some interaction be- 
tween the neighboring metal-based units in the polymetallic spe- 
cies. To a first approximation, however, each building block 
carries its own absorption properties in the plynuclear species, 
so that the molar absorption coefficients exhibited by the com- 
pounds of higher nuclearity are huge (Table 2). The absorption 
spectra of lop, IOd, lot ,  and 22t are shown in Figures 10 and 
1 1 .  The emission spectra of lop, 10d, lo t ,  and 22 t are shown in 
Figures 12 and 11. . 

A (nm) 

Fig. 11. Absorption (solid line) and luminescence (dashed line) spectra of com- 
pound 221 in acetonitrile solution at  room temperature. 

_ _  
Mx) 7b 800 960 

h (nm) 

Fig. 12. Luminescence spectra of compounds lop. 10d. and 101 in acetonitrile 
solution at  room temperature. 

Abborption (b] Luminescence 

298 K 
Am../nm ( ~ / ~ - ' c m - ' )  

1 100 0.059 [h] 582 I ~ I  5.0 
600 5.1 

Wbpy) : '  [rl 452 (13000). 285 (77000) 615 IRI 
I d  [i] 455 (13000). 281 (52300) 623 180 IjI 
I'P [kl 663 (4020). 304 (26900) - - 
1'1 [I] 538 (9890) 752 0.17 
4d [kl 461 (38200). 264 (108000) 722 300 i . 8 x  10-4 698 3.6 

41 [ml 545 (46000). 285 (149000) 81 1 60 I 10-3 127 1.4 

1OP 55Osh (40000). 292 (254000) 668 600 3.9 x 10-4 649 5.1 

22 t 542 (202000). 284 (682000) 786 45 3 . o ~  10-4 730 1.4 

[a] In acetonitrile solution, unless otherwise noted. [b] Lowest energy band in the visible and prominent absorption maxima in the UV region. [c] In 4:  1 MeOH/EtOH matrix. 
[dJ Corrected emission maxima, unless otherwise noted. [el Deaerated solution. [ f l  A. Juris, V. Balzani, P. Belser. A. von Zelewsky, Helv. Chim. Acru 1981,64, 2175, unless 
otherwise noted. [g] Uncorrected emission maximum. [h] K .  Nakamaru, Bull. Chem. Soc. Jpn. 1982, 55, 1639. [i] For previously reported data, see ref. [25 ] .  [j] Aerated 
solution. [k] For preliminary data see ref. [7 b]. [I]  In N-methylformamide solution: P. Belser. A. von Zelewsky. A. Juris. F. Barigelletti, V. Balzani. Gazz. Chim. Irul. 1983. 
113. 731. [m] Refs. [14b] and 1151. [n] Emission intensity too weak. [o] Ref. [18b]. 

4P Ikl 505sh (38000). 296 (137000) 714 600 6.5 10-3 698 4.3 

10d 500sh (30000). 260 (101000) 750 [nl <3 1 0 - 5  [nl [nl 

101 [o] 541 (125000). 282 (329000) 809 55 1 . 0 ~ 1 0 - 3  125 I .3 
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Compounds 4 t, 10 t, and 22 t are “sterile” dendrimers of the 
same t-family (first, second, and third generation, respectively). 
Their absorption and emission properties are therefore expected 
to be qualitatively quite similar. This is confirmed by experimen- 
tal data. The absorption maxima of these compounds are almost 
coincident, and the luminescence maxima, lifetimes, and quan- 
tum yields are also very similar (Table 2). As already discussed 
in detail elsewhere for 4t[I4. l 5 ]  and 10t,if81 luminescence origi- 
nates from the peripheral units, where the lowest-energy excited 
state (namely, (bpy),Ru + (p-2,3-dpp) CT) is localized. Effi- 
cient electronic energy transfer occurs from the inner (higher 
energy) units to  the peripheral (lower energy) ones. On increas- 
ing the size of the dendrimers there is a strong increase in their 
ability to absorb sunlight (see E values in Table 2), while the 
emission lifetimes and quantum yields are only slightly affected. 
This indicates that, with increasing size within this family of 
dendrimers, it is possible to  obtain better antennas for light 
harvesting. 

In the 4 p  and l o p  “protected” dendrimers, the presence of 
methylated peripheral ligands causes strong modifications in the 
absorption and emission properties compared with those exhib- 
ited by the bpy analogues 4 t  and l o t .  The peripheral Ru” ions 
of 4 p  and l o p  are more difficult to  oxidize than the Ru” ions 
carrying bpy as peripheral ligands (Table 1); as a consequence, 
the energy of the (peripheral ligand),Ru + (p-2,3-dpp) CT tran- 
sition shifts to the blue region on moving from the “bpy” 
dendrimers to the “protected” ones. At the same time, the 
Ru -+ (2.3-Medpp’) C T  transition is expected to be at  substan- 
tially lower energy than the corresponding Ru + bpy CT transi- 
tion because of the different acceptor properties of bpy and 
2,3-Medpp’. The Ru -+ (peripheral ligand) and Ru + (bridging 
ligand) CT bands therefore tend to merge on going from 10 t to 
lop. Furthermore, “remote” charge transfer transitions involv- 
ing the peripheral ligands are lowered in energy.[31] The result of 
such a situation is a poorly resolved absorption spectrum for the 
“protected” dendrimers (Fig. 10). 

A comparison of the properties of the “protected” den- 
drimers 4 p  and l o p  (Table 2) shows that similarities within this 
family are not as great as for the analogous “bpy“ dendrimers. 
Apparently, the introduction of additional charges and strong 
electron-withdrawing groups in the periphery of the supra- 
molecular array increases the electronic interaction of the pe- 
ripheral units with the neighboring units. 

Since excited states involving different units are expected to 
lie close in energy, the assignment of the luminescence of 4 p  and 
l o p  to specific metal-based units is not straightforward. It 
should be noted (Table 2) that, on going from fluid solution at 
298 K to rigid matrix at 77 K, the emission maximum of 4 p  is 
blue-shifted by only 300 cm-I, whereas the blue shift shown by 
4t, whose emission certainly originates from the peripheral 
units, is much larger (z 1400 cm-I) .  The shift of MLCT lu- 
minescence on going from rigid matrix to fluid solution is main- 
ly due to solvent repolarization effects.[321 Such a solvent effect 
is expected to be much larger for peripheral units than for inner 
ones. Therefore, it seems reasonable to assign the luminescence 
of 4 p  to a Ru -+ (pc-2,3-dpp) CT excited state of the central unit. 
It should be noted, however, that in 4 p  (as well as in lop)  the 
electrochemical data suggest that the lowest MLCT excited state 
is a remote Ru(inner) + (2,3-Medpp’) level. At present, we can- 
not say whether this level is involved in the luminescence pro- 
cess, but the small shift in the luminescence band on passing 
from fluid solution to rigid matrix would exclude this possibili- 
ty. The longer luminescence lifetime and higher quantum yield 
of 4 p  with respect to 4 t  can, at least in part, be attributed to an 
energy-gap effect.[331 In the case of l o p  the assignment of the 

luminescent level can follow the same arguments discussed 
above for 4p, although the situation is of course more compli- 
cated by the presence of intermediate units. 

In the “deprotected” dendrimers 4d and 10d, interactions 
with the environment, which are also responsible for adsorption 
on electrodes (see above), can occur because of the presence of 
free chelating sites. Such interactions are probably responsible 
for the very weak or absent luminescence. 

Extension to other metals and other ligands: The interest in high- 
ly branched polynuclear metal complexes, and more generally in 
dendritic species, is related not so much to their size, but rather 
to the presence of different components. An ordered array of 
different components can in fact generate valuable properties, 
such as the presence of cavities of different sizes, surfaces with 
specific functions, gradients for photoinduced directional ener- 
gy and electron transfer. and sites for multielectron transfer 
catalysis. Our “complexes-as-metals and complexes-as-ligands” 
synthetic strategy is characterized by a full, step-by-siep control 
qfthe growth process. Therefore we can choose the most appro- 
priate building block at each step of the synthesis. For example, 
by reacting 1 d with l‘t or 3’t species containing different metals 
and/or ligands (e.g., Ru”, 0 s ”  bpy, biq (2,2‘-biquinoline). 2.3- 
dpp, and 2,5-dpp (2,5-bis(2-pyridyl)pyrazine)), we have pre- 
pared nine t e t r a n u ~ I e a r [ ’ ~ ~  and six decanuclear[181 mixed-metal 
and/or mixed-ligand species. The same synthetic procedure can 
be applied to each d-type “complex ligand” of the successive 
generations (Fig. 4) to produce a multitude of higher nuclearity 
species where specific sites of the dendrimer are occupied by 
desired metals and/or ligands. The reported synthesis of the 22t 
compound (Fig. 5 )  is an example of such a reaction on the first 
generation 4d-dendrimer. Figure 13 shows a few of the many 
possible species that can be obtained starting from the 4d-core. 
Besides the Ru” and 0s”  polypyridine complexes. other building 
blocks can be used, such as cyclometalated complexes of Rh”‘ 

I.\ /a\ 

I% I 
V b  

Fig. 13. In our synthetic approach. each deprotected (d) compound can be used as 
a core for convergent synthetic processes. This Figure shows schematically some of 
the compounds that have been [I81 or can be obtained starting from the 4d “corn- 
plex ligand” core. Symbols: 0 .  0s”; -, 2.5-dpp bridging ligand: A. biq terminal 
ligand [18b]; the other symbols are explained in Figure 1. The two labile chloride 
ligands in the ”complex metals” have been omitted for clarity. 
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and Ir"'. Tetranuclear compounds containing Ru/Rh, Ru/Ir, 
Os/Rh, and Os/Ir have already been prepared,[". 341 and the 
design and synthesis of dendrimers based on three or more dif- 
ferent metals are under way in our laboratories. 

Conclusions 

We have designed a divergent procedure, based on the "com- 
plexes-as-metals and complexes-as-ligands" synthetic strategy 
to prepare polynuclear metal complexes of nanometer size and 
dendritic structure. The key components (Fig. 2) are the 1 d-core 
[Ru(2,3-dpp),]' + (generation "zero") and the l'p-building 
block, [Ru(2,3-Medpp+),C12]'+, which contains two labile CI- 
ions and two protected 2,3-dpp bridging ligands. Species with 
four, ten, and twenty-two metal centers have been prepared. 
They exhibit very intense absorption bands in the UV and visi- 
ble spectral region, a MLCT luminescence both in rigid matrix 
at 77 K and in fluid solution at  room temperature, and several 
oxidation (metal-based) and reduction (ligand-based) processes. 
The dendrimer with twenty-two metal atoms. which is one of the 
largest Werner-type complexes prepared so far. contains 1090 
atoms, has a molecular weight of 10890 daltons, an approxi- 
mate size of 5nm.  an absorption maximum at 542nm with 
E = 2 0 2 0 0 0 ~ - ' c m - ' ,  a luminescence band at 786nm ( 5  = 
45 ns in fluid solution at room temperature), and a peak 
at + 1.52 V (vs. SCE), which corresponds to the simultaneous 
oxidation of the twelve equivalent and weakly interacting pe- 
ripheral metals. For  the tetra- and decanuclear compounds, in- 
teresting differences have been observed in the absorption spec- 
tra. luminescence properties. and redox behavior for the species 
bearing protected 2,3-Medpp ', deprotected 2,3-dpp, or bpy 
ligands at their periphery. 

Our dendrimers differ from most of those prepared so far for 
two fundamental reasons: 1) each building block exhibits valu- 
able intrinsic properties such as  absorption of visible (solar) 
light, luminescence, and oxidation and reduction levels a t  acces- 
sible potentials and 2) by a suitable choice of the building 
blocks, different metals and/or ligands can be placed in specific 
sites of the supramolecular array. In this way our dendrimers 
can incorporate many "pieces of information" and can there- 
fore be used to perform valuable functions such as light harvest- 
ing, directional energy transfer, and exchange of a controlled 
number of electrons at a given potential. 

Experimental Section 

Materials and methods: The preparations of complexes [Ru(2.3-dpp),](PF6), [24] 
(1 d). [ R u ( ( / ~ - ~ . ~ - ~ P P ) R u ( ~ ~ ~ ) , J , I ( P F , ) ,  [14b. 151 (41). [Ru{@-2,3-dpp)RU- 
(bpy),) zCIzl(PF6)4 1 1 4 ~ .  1 6 4  (3"). [ R u { ( r - 2 . 3 - d ~ ~ ) R u l ( r - 2 . 3 - d ~ ~ ) R u ( b ~ ~ ) ~ I ~ ) , l -  
(PF,),, [18] (lot) .  and the protected ligand (W-Medpp)(PF,) [23] have been previ- 
ously reported. For infrared spectra (KBr pellets) a Perkin-Elmer 1330 spectrometer 
was used. Elemental analyses were obtained by using a Carlo Erba 1106 apparatus. 
'H NMR spectra were performed by a Varian Gemini 200 MHz in CD,CN solu- 
tion. Absorption spectra were obtained in acetonitrile solution at room temperature 
by means of a Perkin-Elmer 1-6 spectrophotometer. Luminescence spectra were 
obtained with a Perkin-Elmer LS-50 spectrofluorimeter. Emission lifetimes were 
measured with an Edinburgh 199 single-photon counting equipment. Emission 
quantum yields were measured at room temperature (20 .'C) with the optically dilute 
method (351 calibrating the spectrofluorimeter with a standard lamp. [Ru(bpy),]' * 
in aerated aqueous solution was used as a quantum yield standard. assuming a value 
of 0.028 (361. Electrochemical measurements were carried out in argon-purged 
acetonitrile solution at room temperature with a PAR 273 multipurpose equipment 
interfaced to a PC. The working electrode was a PI microelectrode or a glassy 
carbon (8 mm', Amel) electrode. The counter-electrode was a PI wire. and the 
reference electrode was a SCE separated with a fine glass frit. The concentration of 
the complexes was 3 x lo -*  M. Tetraethylammonium hexatluorophosphate was 

used as supporting electrolyte. Cyclic voltammograms were obtained a t  scan rates 
of 20. 50. and 200 mVsCi. For reversible processes. half-wave potentials (vs. SCE) 
were calculated as an average of the cathodic and anodic peaks. The criteria for 
reversibility were the separation between cathodic and anodic peaks, the close to 
unity ratio of the intensities of the cathodic and anodic currents, and the constancy 
of the peak potential on changing scan rate. The number of exchanged electrons was 
measured with DPV experiments performed with a scan rate of 20 mVsC'. a pulse 
height of 75 mV, and a duration of 40 ms. The procedure for the calibration of the 
number of electrons corresponding to the various redox waves has been described 
in detail [18b]. Experimental errors in the reported data are as follows: absorption 
maxima. 2 nm; emission maxima, 5 nm; emission lifetimes, 10%; emission quan- 
tum yields. 20%: redox potentials, 20 mV. As far as molar absorption coefficients 
are concerned, the uncertainly in their absolute values is -10% because of the 
highly diluted solutions used ( 1 0 - 5 - 1 0 - 4 ~ ) .  

IRu(2,3-Medpp),Cl,l(PF6), (l'p): A suspension of RuC13.3 H 2 0  (0.050 g. 
0.19 mmol). (2.3-Medpp)(PF6) (0.158 g, 0.40 mmol). and LiCl(O.054 g. 1.27 mmol) 
in 1 :2  (vlv) waterlethano1 (18 mL) was refluxed for 4 h. The violet solution was 
cooled to room temperature. an excess of solid NH,PF, was added. and the mixture 
was taken to dryness by rotary evaporation in vacuo. The residue was dissolved in 
acetonitrile and purified by flash chromatography on Sephadex G-10. By partial 
evaporation of the eluate. addition of diethyl ether. and filtration, a violet powder 
was recovered. Yield: 0.166 g (90%). Anal. calcd for C,,H,,Fi,CIzN,P,Ru~H,O: 
C. 36 8; H. 2.9; N, 11.4. Found: C, 36.7; H. 2.9; N,  11.3. Selected IR absorption 
maxima (cm-'): i. = 1621 (m). 1618 (sh. m) .  1592 (w). 1580 (w, br), 1560 (sh, w). 
1550 (m).  1511 (m). 1513 (m). 1505 (sh. m). 1460 (m. br). 1448 (m). 1404 (s). 
'H NMR (CDJN): several singlets of different intensities between 6 = 4.55 and 
4.05. attributable to the methyl protons of different isomers and blocked con- 
formers. Conductivity (acetonitrile. approx. 1 x molL- ' .  293 K): A = 
364 R-imoi ' icm'.  

[Ru{(p-2,Sdpp)R11(2.3-Meddpp)~}~](PF,),, (4p): The preparation and characteriza- 
tion of this compound was briefly reported in ref. (7 b]. More details are given here. 
Silver nitrate (0.033 g. 0.192 mmol) was added to a suspension of I'p (0.092 g. 
0.096 mmol) in 1 :2 (v/v) waterlethanol (9 mL). and the mixture stirred for 2 h at 
room temperature. Then Id (0.035 g, 0.032 mmol) was added and the mixture 
refluxed for 48 h. The mother liquor was cooled to room temperature. AgCl was 
separated by repeated centrifugation. and the solution was treated with an excess of 
solid NH,PF,. The red powder that formed was filtered off. dissolved in acetonitrile 
and purified by S. E. C. on Sephadex G-10. From the eluate the product was recov- 
ered as wine-red powder by addition of ethanol. partial evaporation in vacuo. and 
filtration I t  was washed with small portions ofcold ethanol. then with diethyl ether. 
and eveniually dried in vacuo. Yield: 0.105g (71%). Anal. calcd for 
Ci,,H,,,F,,N,,P,.Ru:8H2O: C. 33.2.H. 2.6, N, 10.6. Found: C. 32.6.H. 2.3; N. 
10.6. Selected IRabsorption maxima(cm-'): i. = 1622(m), 1619(sh, m), 1600(w). 
1581 (w). 1511 (m). 1505 (sh. m). 1465 (m). 1455 (w). 1410 (s). 'H NMR (CD,CN 
solution): several singlets of different intensities between 6 = 4.20 and 4.47. at- 
tributable to the methyl protons of different diastereoisomers and blocked 
conformers. Conductivity (acetonitrile. ca. 1 x 10.' molL-' .  293 K ) .  A = 
875 R -  I mol- I cm'. 

IRu{(r-Z.Sdpp)Ru(Z,Mpp),),l(PF,), (4d): The preparation and characterization of 
this compound has been briefly reported in ref [7b]. More details are given here. A 
solution containing 4 p  (0.085 g, 0.018 mmol) and a very large excess of 1.4-diazabi- 
cyclo[2.2.2]octane (DABCO) in dry acetonitrile (15 mL) was refluxed for 6 d.  After 
cooling of the solution to room temperature and addition of ethanol. the reaction 
mixture was concentrated on a rotary evaporator until a substantial amount of 
precipitate was obtained. This was filtered off. dissolved in acetonitrile. and purified 
by flash chromatography on Sephadex G-15. On adding diethyl ether to the partial- 
ly evaporated eluate. a violet powder resulted. which was filtered off and recrystal- 
lized from methanol in presence of NH,PF6. Yield: 0.040 g (60%). Anal. calcd for 
C,z,H,,F4BN,,P,Ru,.2H20: C. 40.8; H. 2.8; N. 13.6. Found: C.40.7: H. 2.5; N. 
13.8. Selected IR absorption maxima (cm-I): i. =1590 (s. br). 1560 (s) .  1550 (s). 
1540 (sh. m). 1505 (w. br). 1475 (m).  1462 (m). 1458 (sh, m). 1436 (m). 1412 (5). 

1398 (sh. m). 990 (w). ' H N M R  (CD,CN solution): no signals attributable to 
methyl groups. Conductivity (acetonitnle. ca. 1 x molL-' .  293 K): 
A = 4 7 2 R ~ ' m o l ~ ' c m 2 .  

IRu((p-2,Sdpp)RoI(r-2.3dpp)Ru(2,5Medpp),I,~,I(PF6),, (lop): A suspension of 
I'p (0.085 g. 0.089 mmol) in 1 :2 (v/v) waterlethanol (8 mL) was treated with silver 
nitrate (0.030 g. 0.18 mmol). After 2 h of stirring at room temperature, 4 d  (0.054 g. 
0.015 mmol) was added and the mixture refluxed for 7 d.  AgCl was removed by 
repeated centrifugations and an excess of solid NH,PF6 was added. The violet solid 
that formed was filtered off. dissolved in acetonitrile and purified by flash chro- 
matography on Sephadex G-25. From the eluate the product was recovered by 
addition ofethanol and partial evaporation in vacuo. Yield: 0.110 g (70%). Anal. 
calcd forC,,,H,,,F,,,N.,P,,Ru,,: C. 34.2:H. 2.3; N. 11.0. Found:C. 34.0;H.2.4; 
N. 11.3. Selected IR absorption maxima (cm-'):  B =1623 (m). 1620 (sh. m). 1602 
(w). 1511 (m). 1509 (m), 1506 (sh. m). 1499 (w), 1466 (m). 1456 (w). 1411 (s). 
' H  NMR (CD,CN solution). several singlets of different intensities between 
6 = 4.15 and 4.45. attributable to the methyl protons of different diastereoisomers 
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and blocked conformers. Conductivity (acetonitrile. ca. 1 x lo- '  mol L- ' .  293 K): 
A = I983 R- 'mol - ' cm2.  

IRu{~-Z,Mpp)Ru101-2,3-dpp)Ro(Z,Mpp),I,},I(PF6),, (rod):  The procedure for 
the deprotection of complex l o p  was analogous to that employed for 4p. The 
reaction was performed on 0.060 g (0.006 mmol) of l o p  in acetonitrile (10 mL). 
using DABCO in a molar ratio of ca. 300:1, a rcaction time of 8 d .  and 
Sephadex G-25 for the purification. Yield: 0 . 0 3 5 ~  (66%). Anal. calcd for 
C,,,H,,,F,,,N,,P,oRu,,: C.40.0;H. 2.4: N. 13.3. Found: C. 39.9;H. 2.5; N. 13.1. 
SelectedIRabsorptionrnaxima(cm-'): i. = 1591 (s. br). 1562(s). 1551 (s). 1540(sh, 
m). 1476 (m). 1464 (m). 1460 (sh. m). 1440 (m). 1415 (s). 1400 (sh. m). 990 (w). 
'H NMR (CD,CN solution): no signals attributable to methyl groups. Conductiv- 
ity (acetonitrile, ca. 1 x lo-' rno1L-l. 293 K): A = 1056 R - 1 m o l - i c m 2 .  

IR~~OI-~.~~)R~~(~-~~.~PP)R~~(~-~,~PP)R~(~PY),J,I,~,I(PF~),, (220: The 
preparation and characterization of this compound was briefly reported in ref. [7b] 
More details are given here. Compound 3't (0.084 g. 0.042 mmol) in 1 : 1 (vlv) water/ 
ethanol (5  mL) was treated with silver nitrate (0.014 g. 0.084 mmol). After the 
mixture had been stirred at room temperature for 2 h. a solution of 4 d  (0.025 g. 
0.007 mmol) in ethylene glycol (3 mL) was added. The reaction mixture was re- 
fluxed for 7 d, then cooled to room temperature. AgCl was separated by repeated 
centrifugations. the mother liquor concentrated by evaporation in vacuo. and an  
excess of solid NH,PF6. methanol (2 mL) and diethyl ether (10 mL) were added. 
The crude product was filtered off and then purified by S. E. C. on Sephadex G-75 
(acetonitrile eluant). The eluate was concentrated in vacuo to 2 mL. and the product 
221 was recovered as a cyclamen (very dark reddish purple) powder by addition of 
diethyl ether (about 15 mL). Yield: 0.086 g (73%) after purification. Anal. 
calcd including 25H,O: C. 36.2; H. 2.6; N. 10.0, Found: C. 35.9: H. 2.3; N. 10.4. 
Selected IR absorption maxima (crn-l): C =1602 (s). 1558 (w. br). 1465 (s). 1445 
(s). 1419 (s). 1392 (s). ' H N M R  (CD,CN solution) no signals attributable to 
methyl groups. Conductivity (acetonitrile. ca. 1 x lo-'  molL- ' .  293 K): A = 
2297 Q - '  mol- 'cm'. 

Reactivity toward metbylation: A solution of [R~(bpy),(2.3-dpp)](PF~)~ (0.030 g. 
0.032 mmol) in dry 1.2-dichloroethane (6 mL) was added under nitrogen to a sus- 
pension of (CH,),OBF, (0.006 g. 0.038 mmol) in the same solvent (6 mL). After 
refluxing for 45 min. the reaction mixture was cooled to room temperature and 
rotary evaporated to dryness. The residue was dissolved in acetonitrile. and a satu- 
rated solution of NH,PF6 in ethanol was added. The mixture was concentrated on 
a rotary evaporator to induce the precipitation of the product. This was filtered off. 
washed with small amounts ofethanol and diethyl ether. and dried in vacuo. Yield: 
0.028 g (80%). 'H NMR (CD,CN solution): two singlets at 6 = 4.20 and 3.93 
attributable to the methyl protons of two different isomers. The same experimental 
procedure was used to test the reactivity toward methylation of the other com- 
pounds. 
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