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The new polytopic receptdr containing two terpyridine, one phenanthroline, and two diazacrown-ether sites has
been prepared using a modular approach. Such a new species contains several pieces of information in its structure
which can be processed by different metal ions to give different supramolecular inorganic architectures. Actually,
reaction ofl with Zn(CH;COO), in methanol, and subsequent anion exchange, afforded the intramolecular ring-
type [Zn(1)]?" complex, which appears to be formed by a self-assembling reaction. A different synthetic approach,
stepwise synthesis, allowed us to synthesize the two multicomponent compoundsH () Ru(bpyp]*™ (Ru2;

bpy = 2,2-bipyridine) and { (bpy)Ru(u-2,3-dpp} :Ru(u-1)Ru{ (u-2,3-dpp)Ru(bpy} 2] *?>* (Ru6; 2,3-dpp= 2,3-
bis(2-pyridyl)pyrazine). The absorption spectra and luminescence properfiesdf[Zn()]?" are dominated by

m — mr* transitions and excited states. The absorption spectra of the ruthenium compounds are dominated by
ligand-centered (LC) bands in the UV region and metal-to-ligand charge-transfer (MLCT) bands in the visible.
The latter compounds undergo several reversible metal-centered oxidations and ligand-centered reductions in the
potential window investigated-2.04-2.0 V versus SCE) and exhibit MLCT luminescence in both acetonitrile

fluid solution at room temperature and in butyronitrile rigid matrix at 77 K. Both the redox and photophysical
properties oRu2 andRu6 can be assigned to specific subunits of the multicomponent structures. The data indicate
that the{Ru(bpy}}?" and the dendritid Ru[(x-2,3-dpp)Ru(bpyi2} ¢ fragments appended to the polytogdic

ligands behave as independent components of the multicomponent arrays.

Luminescent and redox-active multicomponent species arewires? racks, ladders and gridsnolecular squaresyariously
the focus of intense studies because they play key roles in theinterlocked systems, such as catenanes and rota¥ahesd
development of supramolecular systems capable of performingso on.
photochemical light energy conversicand for the elaboration Itis indeed clear that on increasing the variety of the available
of information at the molecular levéMany different molecular somewhat sophisticated structures, the possibilities offered to
arrangements are explored, ranging from dendriferslecular the chemists ingenuity in tackling specific problems will also
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increase. This is, for example, the case for the design of artificial N\
light-harvesting systems; many efficient artificial antennas have ‘v=
been recently obtained, which differ significantly in molecular
shapes and synthetic approaches, although the basic design,
principles (to build up multichromophoric systems in a structur-
ally organized and functionally integrated fashion) remain the 1
samé?

For the preparation of elaborated, made-to-order multicom- 0
ponent systems the design of suitable polytopic receptors (or, I‘@Nu
more appropriately, polytopic ligands, if we deal with metal- DN
containing architectures) is of large importance. Such polytopic N
receptors/ligands can be designed to contain in their structures (v @ '
codes which can be processed by suitable metal ions (which in <\ o o />
their turn carry specific interactional algorithms) to produce % ( d
specific supramolecular inorganic architectutéhe specific ° 0 J
interactional algorithms include, among other factors, not only o ] (@) (@) i o
the preferred geometrical arrangements of the ligands around I\/N
the metal ions (octahedral, tetrahedral, etc.) but also the metal
ligand bond strength, which ultimately makes the final archi- Zn(1) 2+
tecture be determined by thermodynamics or kinetics. Figure 1. Structural formulas ofl and of [Zn(L)]?*.

Here we report: i) the synthesis of the new polytopic ligand -
1 (Figure 1), which contains three different coordination domains 't €an also be noted that [ZE)|*" represents an example of
(phenanthroline, terpyridine, and diazacrown-ether subunits) and S€l-assembly, while the ruthenium complexes have been
depending on the metal ion and the procedure followed in the Prepared by employment of the stepwise synthetic procedure.
complexation process, can afford complexes with different The two different synthetic approaches are a consequence of
nuclearities and architectures; ii) the complexation behavior of the different chemistries of zinc and ruthenium ions, which apply

1, which allowed the preparation of the ring-type [Z)j&*, the different interaction algorithms in decoding the information

dinuclear [(bpy)Ru(u-1)Ru(bpy)]** (Ru2; bpy = 2,2-bipyri- embedded iril, on the basis of the various stabilities of the
dine), and the hexanucledi(bpy),Ru(u-2,3-dpp} 2Ru(u-1)Ru- corresponding metal-polypyridine assemblies. The investigation
{(u-2,3-dpp)Ru(bpy} 22" (RuS; 2,3-dpp= 2,3-bis(2-pyridyl)- reported here makes in evidence the different behavior of the

pyrazine) ruthenium (II) complexes: and iii) the study of the S&@me coordination domains (i.e., the terpyridine ones) toward
absorption spectra, luminescence properties, and redox behaviof® two substrates.
of all the new compounds.

Figure 1 shows the structural formulas bfand [Zn(l)]2",
whereas Figure 2 reports the structural formulasgka® and Condensation of 4-benzyl-1,7,10,16-tetraoxa-4,13-diazacy-
Ru6. The two trinuclear moietiefRul(u-2,3-dpp)Ru(bpyjz} &+ clooctadecane2, ' with 1,10-phenanthroline-2,9-bis-carboxylic
connected td in complexRu6 are trinuclear first generation  acid chloride 3,* carried out in dry CHCl; and in the presence
dendrons belonging to a large series of luminescent and redox-0f diazabicyclooctane (DABCO) as base, affordech 49%

Results

active metal-based dendriméfsiotherefore, compleRu6can  Yield after column chromatography. Debenzylation4oivas
be viewed as the first example of metal-based dendritic branchesachieved by catalytic hydrogenation at room temperature and
connected by multiazacrown ether receptors. P = 1 atm, in acetic acid, and using Pd/C-5% as catalyst. The
bis-diaza derivativ® obtained in 90% yield was then alkylated
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Ehﬁm.j I?\;l' Eéi. EngI1699;4: 33 l328E1)‘A.h(b) Hénanj fégsé;zArlazrg C(.)R.; refluxing acetonitrile and in the presence of solid,8@s as
enn, J.-vl.; baum, G.] Fenske, em. eur. s . (C i i 0, i i i
(a) Credi, A.: Balzani. V.- Campagna. S.: Hanan. G. S.: Arana, C. R _base to givel in 95% yield. The synthetic procedure is reported
Lehn, J.-M.Chem. Phys. Letfl995 243 105. (d) Hasenknopf, B.,  In Scheme 1. _ o o
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Eur. J.1998 4, 406. (d) Flamigni, L.; Armaroli, N.; Barigelletti, F.; S.; Denti, G.; Juris, A.; Serroni, S.; Venturi, Mcc. Chem. Re4998
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Figure 2. Structural formulas of complexégu2 andRu6. Ligand 1 is framed. Solid circles stand for ruthenium metals.

Scheme 1. Synthesis of the Multitopic Ligand
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prompted us to explore the possibility of forming a molecular
ring upon metal complexation. Because of the known ability
of 2,2,2"'-terpyridine (terpy) ligands to coordinate Zn(ll)
cation*15 the preparation of such a molecular ring was
attempted by reactingyand Zn(CHCOOQO), in 1:1 molar ratio,

in methanol solution under reflux. After anion exchange with
NH4PFs, a new compound was obtained in 78% yield, which
was identified as the intramolecular [A0][(PFs), complex (see
Figure 1) on the basis of the following. (i) A comparison
between théH NMR spectra in CRCN of the free ligand and

of the Zn(Il) compound showed that the relevant terpyridine
protons shifted from 8.65 to 8.95 ppm upon complexation, which
is in agreement with the involvement of both the terpy sites of
1in metal binding (ii) Elemental analysis excluded the dimeric

(14) Ohno, T.; Kato, SBull. Chem. Soc. Jprl974, 47, 2953.
(15) Albano, G.; Balzani, V.; Constable, E. C.; Maestri, M.; Smith, D. R.
Inorg. Chim. Actal998 277, 225.

nature of the complex, i.e., J{Zn(1)]?*, and was consistent
with a ligand:Zri#* 1:1 ratio. (iii) Time-of-flight secondary ions
mass spectroscopy (TGFSIMS) data confirm the proposed
structure. Indeed, (Figure 3) in the high mass region of the
spectrum, some peaks correspond to the emission of (quasi)-
molecular fragments. In particular, the peak arounid 1464
corresponds to the cationic complex [Z}j(with the probable

loss of a proton. The peak at/z 1483 corresponds to the
cationic complex [Znl)] with an additional fluoride ion

(16) The aromatic region of thtH NMR spectrum of the free ligand in
CDsCN is more complicated with respect to the corresponding one in
CDCl; (described in the experimental) and can be referred substantially
as three unresolved multiplets, namety7.35-7.47 (m, 8H, HHY"
—terpy, H, H> —CgHy); 7.55-8.03 (m, 12H, H, H" —terpy, H?H,®
H,* H” —phen, K, H® —CgH.); 8.55-8.75 (m, 14H, B, HH3, HS,

H3', H®" —terpy, H, H® —phen). ThelH NMR spectrum of the
aromatic region of the zinc complex in GON is ¢ 7.25-7.45 (m,
4H, H3, H5 —CgHa); 7.50-8.62 (m, 22H); 8.658.78 (m, 4H, H,

H5 —terpy); 8.96-9.07 (m, 4H, HCH® —terpy).
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Table 1. Spectroscopic and Photophysical Data for the Absorption of the New Compounds, the Maxima of the Spin-Allowed LC and MLCT
Bands Are Given

absSOrptioR Amadnm Luminescence, 298K 77 K
compound (e/M~cm) Ama/nM 7/ns 0] Ama/nNm tlus
1 279 (110000) 351 2 % 1078
Zn(1)*+ 284 (69200) 366 6 & 10°3
320 (27000)
[Ru(bpy)]2* 452 (13000) 610 170 0.01 582 5.1°
[(bpy)RY (u-2,3-dpp)Ru(bpys} 2] ¢ 282 (193400) 804 75 ¥ 1073 7219 1.8
425 (35700)
545 (23500)
Ru2 235 (80400) 631 8 4 1078 611° 1.4
286 (143200)
453 (26800)
Ru6 239 (144600) 791 94 g 10 710 2.4

279 (229300)
422 (43400)
532 (65200)

a|n air-equilibrated CHCN solution.® In butyronitrile/propionitrile (5:4 v/v) rigid matrix¢ From ref 10a9 In MeOH/EtOH (4:1 v/v) rigid matrix.
¢In butyronitrile rigid matrix.

x1 03 . 0.150 1.000
161" a‘ b LAy E 2
40 - % %
> B 2
' ‘ . 3 7y
12 20 - J“‘Hh‘ » e
2 Ml " 5
g Daegart it 0.0754 I 0.500
S o8 1480 1485 1480 1485
04 [L-H]Zn*
O.M T T T T T T O.W)
14b0 14‘5() 15b0 200 270 350 430 500 200 270 350 430 500

A, nm A, nm
to ch: ti . . . . .
mass to charge fatio Figure 4. Absorption spectra in acetonitrile solution df(left) and

Figure 3. High mass region of the TOFSIMS spectrum of [Zr)]- [Zn(2)]%* (right).
(PFs)2. The symboL in the peak labels stays for structureThe inset
shows the experimental (a) and calculated (b) isotopic distribution of

peak LFZr. the labile chloro ligands, the terpyridine subunits bind the metal

centers utilizing two nitrogen atoms. The phenanthroline site

attached. The assignment is supported by the isotopic distribu-d0€S not compete with the terpyridine ones because the former

tion (compare the experimental (a) and calculated (b) distribu- 'S much more hindered. _ _
tions in the inset of Figure 3) and by the exact mass (1481.53 The different reactivities of zinc and ruthenium precursors
observed versus 1481.59 calculated for the first peak of the With 1 are assigned to the different stabilities of the metal
distribution). It must be noted that fluorine attachment is not Polypyridine assemblies. The zinterpyridine is a rather weak
unexpected for such systems; indeed this has been ob&rved @sseémbly, so the system can explore several possibilities and
in other complexes containing PFcounterions and is thought ~ €volve toward thermodynamic minima. In the present case, the
to originate from their fragmentation. As for the strong peak fing-type [Zn@)]*" species evidently identifies a significant
on the right-hand side of Figure 3, it is assigned to an Jd( thermodynamic minimum for the system, and the synthesis of
structure, due to the exchange of the metal with silver substratethis species is a typical case of self-assembly. On the contrary,
during the measurement. A complete interpretation of such the linkage between ruthenium(ll) and terpyridine is quite
exchange is beyond the aim of this paper and will not be stable!® so the final product is governed by kinetics and, when
discussed further. several possibilities are exploitable, highly polydisperse poly-
Moreover, reactions carried out with different molar ratios Meric systems are obtained. This reason made it necessary to
of 1 and Zn(CHCOOY), namely 1:2, 2:1, or 4:1, univocally ~ employ the stepwise synthetic approach in the synthesis of the
yielded the same compound described above, and the reactant&ithenium(ll) species reported here.
in excess could be isolated unchanged at the end of the reaction. The electronic absorption spectra in acetonitrile of the free
These findings demonstrate that the molecular ring ZJA( ligand 1 (Table 1, Figure 4) exhibits an intense maximum at
is stable compared to the polymeric compounds which could 4 =279 nm ¢ around 16 M~ cm™?) followed by a less intense
be formed by intermolecular complexation. It was also found maximum at abouf = 260 nm. The absorption spectrum of
that [Zn(1)]2* may be generated in situ from an acetonitrile [Zn(2)]*" (Figure 4, Table Xshows a structured band at around

solution of 1 by adding an excess of solid Zn(GEOOY. A =320 nm and the peak maximum at= 284 nm ¢ in the
Reaction ofl with the “complex-metal™® precursors Ru(bpy) range 16—10° M~ cm™?). The absorption spectra of both the

Cl; and [CLRU{ (4-2,3-dpp)Ru(bpygt 24t under reflux condi-

tions, followed by counterion exchange with excess,RH at (17) Denti, G.; Serroni, S.; Sindona, G.; Uccella, N.Am. Soc. Mass

i Spetrom.1993 4, 306.
.roor.n temperature’ .Ied to the formation of two new complexes (18) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.;
in high yields, the dinuclear compldku2 and the hexanuclear von Zelewsky, A.Coord. Chem. Re 1988 84, 85. (b) De Armond,

complexRu6, respectively (see Figure 2). After substitution of M. K.; Carlin, C. M. Coord. Chem. Re 1981, 36, 325.
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Table 2. Half-Wave Potentials in Argon-Purged Acetonitrile Solution, 298 K, the Number of Exchanged Electrons Is Reported in Brackets

compound Ei(0x) (V vs SCE) Eix(red) (V vs SCE)
[Zn(D))%* - —1.31”
[Ru(bpy)]?™™ +1.26 [1] —1.35[1];—1.54[1];—1.79 [1]
[(bpy)RY (u-2,3-dpp)Ru(bpys} 26t ¢ +1.51 [2];+1.95[1] —0.52[1];—0.66 [1];—1.13 [1];-1.23 [1];—1.47 [2];—1.75 [2]
Ru2 +1.27[2] —1.29[2];—1.52[2]; —1.84 [ads]
Ru6 +1.52 [4];+2.00 —0.57 [2];—0.68 [2];—1.09 [2];-1.16 [2]; —1.43;—1.63

a|rreversible process. This figure refers to the peak poterftialom ref 17a¢ From ref 10a? Overlapping waves are present at more negative
potentials.

3.

(=1
(=]

0 —
I/a.u.

€.10-5M-1 el

._.
n
S
<

0.000 ) , .

200 350 500 630 /nm 800 530 600 675 750 Mnm 820

Figure 7. Luminescence spectra of complex®s2 (77 K in butyro-
nitrile, a; room temperature in acetonitrile, b) aRli6 (77 K in
butyronitrile, c; room temperature in acetonitrile, d). The spectra shown
are uncorrected for photomultiplier response. Corrected values for

emission maxima are given in Table 1.

Figure 5. Absorption spectra of complexd®u2 (dashed line) and
Ru6 (solid line) in acetonitrile at room temperature.

100

ILau of the luminescence bands, the luminescence lifetimes, and the

luminescence quantum yields are collected in Table 1. Lumi-
nescence decays are monoexponential and in the microsecond
time scale at 77 K and two or three orders of magnitude lower
at 298 K.

The ring-type zinc complex does not exhibit any oxidation
process in the potential window examinett2(00/2.00 V
versus SCE) in acetonitrile. On the contrary, an irreversible
reduction process takes place-ét.31 V (peak value) followed
by other irreversible ill-defined processes. The redox behavior
of the free ligand,1, has not been investigated because of
solubility problems. The cyclic and differential pulse voltam-

. i — : ‘ . metry expe_riments of the ruthenium(ll_) complex_es indicate tha_t

320 340 360 380 420 440 460 480 500 these species undergo several reversible oxidation and reduction
A, nm processes in the potential window examined. The potential
Figure 6. Luminescence spectra in acetonitrile solutionlofsolid values are collected in Table 2. The oxidation and reduction
line) and [Zn@)]** (dashed line). processes dRu2 are bielectronic, as are the reduction processes

Ru complexes (Figure 5, Table 1) exhibit very intense bands in Of RU6. This species undergoes two oxidation processes: the
the UV region € in the range 80009230000 Mt cm~1) and first one involves four electrons, while for the second one, it is
moderately intense bands in the visible regierin(the range ~ Impossible to determine the number of exchanged electrons
25000-70000 M1 cmd). because oxidation occurs too close to the potential limit. Indeed,
All the new compounds are luminescent; the emission its presence was only revealed by differential pulse voltammetry.
spectrum ofl (Figure 6 Table 1) exhibits a maximum At= For both complexes, wave overlappi.ng and adsorption phenom-
351 nm in acetonitrile at room temperature, it is not dependent €N OCcur at most negative potentials. The cyclic voltammo-
on excitation wavelength (within the range 26820 nm), and grams of complexeRu2 andRu6 are shown in Figures 8 and
its decay is monoexponential and in the nanosecond time scale9:
The emission spectrum of [Z1)]2" (Figure 6, Table 1), while
still occurring in the UV region, is significantly red-shifted with
respect to the free ligand emission and is long lived. Further- Free Ligand 1 and the Ring-Type [Zn(1)F" Complex.
more, the emission quantum yield is enhanced with respect to Absorption Spectra. On the basis of literature data, the peaks
that of the free ligand. Both the Ru compounds are luminescentdominating the absorption spectrum df(Figure 4) may be
at room temperature in acetonitrile fluid solution and at 77 K assigned to spin-allowedg—sa* transitions centered in the
in butyronitrile rigid matrix. The uncorrected luminescence polypyridine ligands$81°In particular, the band at lower energy
spectra are shown in Figure 7; the corrected emission maximashould receive contribution mainly from transitions involving

75

Discussion
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Figure 8. Cyclic voltammogram of compleRu2 in argon-purged
acetonitrile solution. Only the reduction range is shown. Fc stands for
ferrocene, used as internal standard. Sweep rate: 200 mV/sec.
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Figure 9. Cyclic voltammogram of compleRu6 in argon-purged
acetonitrile solution. Sweep rate: 200 mV/sec.

the phenyt-terpyridine sites, and the band at higher energy
receives contribution mainly from transitions involving the
phenanthroline site. The low shoulder at abbut 320 nm is
assigned to for* transitions once more involving the polypyr-
idine sitest®

The peaks dominating the absorption spectrum of THA{

Loiseau et al.

Luminescence PropertiesThe emission ofl (Figure 6) is
assigned to phenylterpyridine-based fluorescence involving a
a—m* level, based on the photophysical data of similar
terpyridine-containing ligands. Interestingly, the excitation
spectrum, recorded at= 380 nm, fairly matches the absorption
spectrum, therefore, indicating that efficient energy transfer
occurs from the phenanthroline chromophore to the phenyl
terpyridine sites. Emission of [Zh)]2* is also assigned to
fluorescence involving the phenylterpyridine-basedr* levels,
which are lowered in energy compared to the free ligand as a
consequence of metal perturbation. It can be noted that the
emission of [Zn1)]%" is quite similar to that exhibited by [Zn-
(terpyp]?t under the same experimental conditions (tespy
2,2,2"-terpyridine), which was already assigned to metal-
perturbedr—ax* terpy-based fluorescende Interestingly, the
emission of [ZnQ)]?" is slightly red-shifted compared to that
of [Zn(terpy)]?" (emission maximum for this latter species is
353 nm?!® while for [Zn(1)]?" it is 366 nm). This can be
rationalized by considering that the presence of the phenyl
substituent in the coordinating terpy subunitslineduces the
energy gap betweem and z* orbitals of this latter species
compared to terpy, thus lowering the-s* level.

The enhanced rigidity of the molecular ring structure of
[Zn(1)]?" compared to the free ligand is held responsible for
the enhanced emission quantum yield and longer lifetime, most
likely by slowing the nonradiative rate constants of the emitting
levels because of restricted freedom degrees available for
vibronically assisted excited-state radiationless decays.

Ruthenium(ll) Complexes. Absorption Spectra.The very
intense absorption bands in the region below 400 nm exhibited
by Ru2 andRu6 (Table 1, Figure 5) can be attributed to spin-
allowed ligand-centered (LC) transitions. In particular, by
comparison with literature datd? the bands around 280 nm
can mainly be assigned to bipyridine- and terpyridine-centered
transitions, and the absorption feature around 320 nm, which is
present inRu6 and absent irRu2, can safely be assigned to
2,3-dpp-centered transitions, as already reported for other metal
dendrimers containing such a bridging ligdfidhe moderately
intense absorption bands which dominate the visible region can
be attributed to spin-allowed metal-to-ligand charge-transfer

(Figure 4) are also assigned to spin-allowed metal-perturbed (MLCT) transitions. In particular, as far as compl&u6 is

m—s* transition involving the phenytterpyridine sites. It is
indeed known that metal coordination shifts the polypyridine-
basedr—s* transitions to lower energies with respect to those
occurring in the free ligand, and in the case of terpyridine
ligands, a fine vibrational structure often appears at the lower-
energy side of the main absorption bafd.

Redox Behavior.The absence of oxidation processes for Zn-

concerned, the band peaking at 422 nm is due to—Ru
phenylterpy CT transitions, while the broad band peaking at
532 nm receives contributions from MLCT transitions involving
the 2,3-dpp bridging ligands.

Redox Behavior. ComplexRu6 exhibits a redox behavior
comparable to that of the model trinuclear dendron [(bpy)Ru-
{(u-2,3-dpp)Ru(bpys}-]®+ (Table 2, Figure 95! A reversible

(1)2* in the potential window examined was expected because tetraelectronic oxidation wave appearstdt.52 V followed by

metal oxidation is extremely difficult for the'®Zn(Il) species.
The peak of the first irreversible reduction (Table 2) occurs at

a less intense wave aroure?.0 V, which is partly hidden by
the limit of our potential window. Generally, oxidations df d

a potential typical for terpy-based reduction in metal com- metal complexes containing polypyridine ligands are metal-
plexesid18a so we suggest that it is centered on the terpy centered and reversible. Because of its tetraelectronic nature and
ligand(s). The irreversibility of the process compared to the Py comparison with the data of the trinuclear dendtbthe
reversibi"ty of terpy reduction in the ruthenium Compounds (See first oxidation wave can be attributed to four simultaneous and

later) is probably due to the lower stability of Zn{Hpoly-
pyridine complexes compared to Ru(Hpolypyridine ones.

independent one-electron processes involving the peripheral
metal centers. The second one is due to the oxidation of central

Other reduction processes take place at more negative potentialsnetals, which are more difficult to oxidize than the peripheral

but they all are ill defined and will not be discussed further
here.

centers because of the different electron donor abilities of the
ligands?®

(19) Klessinger, M.; Michl, JExcited States and Photochemistry of Organic
Molecules VCH: Weinheim, 1994.

(20) Guglielmo, G.; Ricevuto, V.; Giannetto, A.; Campagnaz8zz. Chim.
Ital. 1989 119 457.

(21) (a) Denti, G.; Campagna, S.; Sabatino, L.; Serroni, S.; Ciano, M,;
Balzani, V.Inorg. Chem199Q 29, 4750. (b) Puntoriero, F.; Serroni,
S.; Licciardello, A.; Juris, A.; Venturi, M.; Ricevuto, V.; Campagna,
S.J. Chem. Soc., Dalton Trang2001, 7, 1035-1042.
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The reversible reduction waves of the hexanuclear compoundylterpyridine ligands are easier to reduce than the peripheral
can be assigned on the basis of the different electron densitieshipyridines (see above). It is interesting to note that the emission
of the ligands of the system. It is known that in polynuclear lifetime of Ru2 is substantially shorter, at room temperature,
Ru(ll) complexes containing 2,3-dpp as the bridging ligand and than that of [Ru(bpy)?" (Table 1). This may be due to the
bpy as the peripheral ligands, each 2,3-dpp ligand is reducedpresence of the noncoordinating pyridine of the acceptor ligand.
twice before reduction of the peripheral ligands takes ptte. Itis well-known indeed that bulky substituents in the six position
As a consequence, the first bielectronic reduction proce&s of of bpy ligands cause steric crowding around the octahedral metal
is assigned to simultaneous first reduction of two 2,3-dpp bridges center, decreasing the ligand field experienced by the metal and
belonging to different dendron subunits. The second bielectronic thus lowering théMC level 182.23bBecause radiationless decay
reduction process can, therefore, be safely assigned to aof the luminescemMLCT state can be accelerated by thermal
simultaneous first reduction of the two remaining 2,3-dpp activation of upper-lyingMC states'82.23%the lowering of such
bridges. The third and fourth reduction processes, both bielec-states leads to decreased quantum yields and shorter lifetimes.
tronic in nature, are assigned to the second reduction processe3his effect cannot play any role at 77 K, however, the
of the four bridging ligands, with the same sequence already luminescence lifetime remains shorter compared to that of [Ru-
discussed for the first two processes. Such an assignment igbpy)]?", and the difference cannot be justified only on the
also supported by the difference between the first and third basis of the energy gap l&tWe have no simple explanation
reduction potentials500 mV), which is typical for the energy ~ for such a result. We tentatively suggest that some moiety of
pairing in 2,3-dpp? It is also interesting to note (Table 2) that the large ligand}l, could promote vibrational modes that lead
the separation between the reduction processes correspondingp reduced excited-state lifetimes, also at 77 K.
to the first reductions (separation between first and second As far as compoun&u6 is concerned, the similarity between
processes, 110 mV) is larger than the separation between thets emission properties and those of [(bpyjRu2,3-dpp)Ru-
reduction processes corresponding to the second reduction(bpy)},]®* (Table 1%* allows us to assign the emissionRii6
(separation between third and fourth processes, 70 mV) of theto the same subunit responsible for the emission of the trinuclear
bridge. This can be rationalized by considering that ligand  species, namely #LCT level involving the peripheral metals
ligand interactions in metal complexes, inferred by the separationand the 2,3-dpp bridging ligands. Similar to what happened for
between the ligand-centered reduction potentials, are mainly the trinuclear compound [(bpy)R-2,3-dpp)Ru(bpys} 2]°™,
mediated by the metal orbitals and depend on the energy gapthe constancy of the emission spectrum on changing excitation
between ligand and metal orbit&kUpon first reduction, the ~ wavelength and the monoexponential decay indicate that the
ligand orbitals are raised in energy, so that such an energy gapight absorbed by the{(terpy)Ru(2,3-dpp}2* subunits is
increases and ligardigand interaction via metal orbitals quantitatively transferred to the luminescent periphé(a|3-
decreases, leading to a reduced separation between the ligancdpp)Ru(bpy)} 2+ chromophores oRU6.
centered second reduction potentials. The complexesRu2 and Ru6 bear additional receptor

At potentials more negative thanl.4 V, more intense,  subunits. In particular, the azacrown subunits can accommodate
overlapping reduction waves appear, which are due to the two alkaline and alkaline-earth cations as well as transition metal
series of reductions involving the bipyridine and terpyridine cations, such as Gh.2>25 A series of closely related terpy and
ligands. Also, because of adsorption phenomena, those wavehpy units attached to azacrowns has recently been published
are difficult to assign unambiguously. by Ward, Barigelletti, et a7 In those papers, it was reported

ComplexRu2 shows a bielectronic reversible oxidation wave thatincorporation of an alkaline-earth cation within the azacrown
at +1.27 V, which can be assigned to the simultaneous and moiety affected the photophysical properties of a dinuclear Re
independent one-electron oxidation of the ruthenium centers. Ru complex by inducing conformational changes and preventing
The first bielectronic reduction wave is assigned to the terpyr- the nitrogen atoms of the azacrown from acting as an electron-
idine moieties of the ligand, which are more easily reduced than transfer quencher for the rhenium-based luminophore. However,
the bipyridines due to the presence of the phenyl substituents.most of these effects were related to the presence of the rhenium
The first series of reversible reductions of the bipyridines subunit. As far as the Ru-based emission is concerned, only a
appears at-1.52 V, and the second series appears kg4 V. slight increase in luminescence lifetime at 77 K was obtained
At more negative potentials, the subsequent reduction waves(proposed explanation was that the presence of cations within
of the bipyridine ligands are hidden by adsorption phenomena. the azacrown cavity slows the nonradiative processes). In fact,

Luminescence Propertiesin Ru(ll) polypyridine complexes, :
emission usually originates from the lowest-lying triplet MLCT ~ (24) ,E;’Ivg i'rebea?%, \F/)Vr;]-scggﬁgggglgfgég 440. (b) Caspar, J. V;
i 8a,23 ; ; ; yer, T. J.J. Phys. s .
gxc!ted staté! On the ba}5|s of t,he lummescence energies, (25) See, for example: (&hemosensors of lon and Molecule Recognjtion
lifetimes, and quantum yields given in Table 1, and the Desvergne, J. P., Czarnick, A. W., Eds.; NATO ASI Series 492;
difference between the photophysical data at room temperature ~ Kluwer: Dordrecht, 1997. (b) Spichiger-Keller, U. Ehemical

; ; ; ; Sensors and Biosensors for Medical and Biological Applications
and at 77 K (Table 1, Figure 7), this designation also holds for Wiley—VCH: Weinheim, 1998. (C)de Silva, A. P.- Gunaratne. H. Q.

the new compounds investigated here. In particular, emission N.; Gunnlaugsson, T.; Huxley, A. J. M.; McCoy, C. P.: Rademacher,
of Ru2 can be attributed, both at room temperature in fluid J. T.; Rice, T. E.Chem. Re. 1997 97, 1515. (d) Di Pietro, C.,

solution and at 77 K in rigid matrix, to WLCT state involvin Guglielmo, G.; Campagna, S.; Diotti, M.; Manfredi, A.; Quici,igew
the phenylterpyridine li %nds In fact, the luminescence e?ler S . (e Dl P, G Campagna, 5. Riceylin, V.
pnhenyiterpy g . ) )% Giannetto, M.; Manfredi, A.; Pozzi, G.; Quici, §ur. J. Org. Chem.

of Ru2 is red-shifted with respect to [Ru(bp}d" (Table 1), in 2001, 587-594.
agreement with the redox data which indicate that the phen- (26) |1Z9%t§: l;-ll\/l-%gfwlak, K.; Bradshaw, J. S.; Bruening, RChem. Re.
27) (a) Whit’tle, B.;'Batten, S. R,; Jeffery, J. C.; Rees, L.; Ward, MJD.

(22) Marcaccio, M.; Paolucci, F.; Paradisi, C.; Roffia, S.; Fontanesi, C.; Chem. Soc., Dalton Tran$996 4249. (b) Bushell, K. L.; Couchman,
Yellowlees, L. J.; Serroni, S.; Campagna, S.; Denti, G.; Balzani, V. S. M.; Jeffery, J. C.; Rees, L. H.; Ward, M. D. Chem. Soc., Dalton
J. Am. Chem. S0d.999 121, 10081. Trans.1998 3397. (c) Encinas, S.; Bushell, K. L.; Couchman, S. M,;

(23) (a) Crosby, G. AAcc. Chem. Resl975 8, 231. (b) Meyer, T. J. Jeffery, J. C.; Ward, M. D.; Flamigni, L.; Barigelletti, B. Chem.

Pure Appl. Chem1986 58, 1193. Soc., Dalton Trans200Q 1783.
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addition of K+, Na", C&*", and similar ions, including protons,  solution on etched silver, following literature proceduteElectronic
does not modify the photophysical properties of the complexes absorption spectra were recorded on a Kontron Uvikon spectropho-
Ru2 and Ru6 studied here. Indeed, in the RRu dinuclear tometer. Luminescence spectra were obtained with a Jobin Yvon-Spex
systems reported in the literatifethe azacrown and the Ru- Fluoromax-z. Em|SS|Qn lifetime mea;urements were ca(rled out with
based chromophores were connected by a simple methylen(fg Edinburgh FL-900 time-correlated single-photon-countingléihp,
. 37 nm; 3 ns lamp width), using a Marquadt algorithm to take into

group, whereas ifRu2 and Ru6, the azacrowns and chromo-

h | hile | account the lamp contribution to the luminescence decay, when
phores are separated by a longer spacer. While large eﬁcec’tﬁ"lecessary. Luminescence quantum yields were obtained at room

were not expected anyway, in the present compounds the longekemperature (20°C) using the optically dilute metfiddnthracene in
spacer between the Ru chromophore(s) and the azacrownsiegassed ethanol solution was employed as the quantum yield standard
probably makes the slight effects of the encapsulated cation on(® = 0.27p* for the free ligand and the zinc complexes, while [Ru-
luminescence lifetime unsizable. On the contrary?Cwas (bpy)]?* (bpy = 2,2-bipyridine) in aerated aqueous solution and [Os-
expected to quencRu2 luminescence by oxidative electron  (bpy)]** in deaerated acetonitrile solution were used as quantum yield
transfer (and maybe also by energy transfé#However, even standards foRu2 andRu6, respectively, assuming values of 0.628
the addition of C&" ions, which are expected to be strongly and_O.OOGG,6 respectively. El_e(_:trochemlcal measurement_s were carried
complexed by the azacrowRA&does not modify the photo- out in argon-purged acetonitrile at room temperature, with a PAR 273

) . : - multipurpose equipment interfaced to a PC. The working electrode was
physical properties dRu2. We suggest that the inefficiency of a glassy carbon (8 minAmel) electrode. The counter electrode was a

the quenching process is due to the large distance between dongb \yire separated with a fine glass frit, and the reference electrode was
and acceptor partners coupled with the relatively short excited- 5 quasi-reference silver wire. Ferrocene was used as an internal standard.
state lifetime of the luminescent metal complex (Table 1).  The concentration of the complexes was abowt 504 M. Tetrabutyl-
ammonium hexafluorophosphate was used as supporting electrolyte,
and its concentration was 0.05 M. Cyclic voltammograms were obtained
at scan rates of 20, 50, 200, and 500 mV/s. For reversible processes,
half-wave potentials (versus SCE) were calculated as the 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
Ru2 and the hexanuclear compleRu6, respectively. In electrons was measured with differential pulse voltammetry (DPV)
particular, compoun&u6 is an example of a species containing experiments performed with a scan rate of 20 mV/s, a pulse height of
dendritic branches decorating a multitopic receptor. While the 75 mV, and a duration of 40 ms. For irreversible processes, the values
synthesis of the zinc complex is an example of self-assembly, reported are the peaks estimated by DPV.

the preparation of the ruthenium compounds is based on a Experimental uncertainties are as follows: absorption maximna,
stepwise synthetic approach. The absorption spectra and pho'™:; molar extinction coefficients, 10%; luminescence maxigg
tophysical properties df and [Zn()]2* are dominated byr — (r)1m luminescence Ilft_atlmes, 10%; luminescence quantum yields, 20%;
a* transitions and excited states, and the absorption and %; and rec_iox potgntnalst 10 mv. .
luminescence properties of the ruthenium compounds are Synthesis. 2,9-Bis-(13-benzyl-1,7,10,16-tetraoxa-4,13-diazacycloocta-

. " . decane)-carbonyl-1,10-phenanthroline (4)A solution of 1,10-phen-
dominated by MLCT transitions and excited states. Furthermore, anthroline-2,9-bis-carboxylic acid chlorid®(1.30 g, 3.44 mmol) in

the spectroscopic, photophysical, and redox properties of the gy, ch,cl, (30 mL) was slowly added at room temperature to a stirred
new ruthenium compounds indicate that the metal and dendritic solution of 4-benzyl-1,7,10,16-tetraoxa-4,13-diazacyclooctadegane
subunits connected to the terpyridine subunits of the multitopic (2.42 g, 6.88 mmol) and DABCO (1.93 g, 17.20 mmol) in dry Ch
ligand behave as independent components of the multicompo-(80 mL), and the reaction mixture was stirred for 48 h. The reaction
nent arrays. mixture was transferred into a separatory funnel, washed with H
(3 x 50 mL), and the organic phase evaporated under reduced pressure
to afford 3.45 g of crude yellow viscous oil. Purification by column
chromatography (silica gel, light petroleum/@t 95/5) (silica gel,
CHCIy/CH;OH 9/1) gives4 (1.58 g, yield= 49%) as a light yellow
viscous oil.*H NMR (CDCl): ¢ 2.70-2.85 (m, 8H, Gi,N—Bn), 3.48

(s, 8H, (H;0), 3.50-3.75 (m, 20H, @,0, PhCH.N), 3.80-4.00 (m,
12H, CH,0, CH,NCO), 4.05-4.15 (m, 4H, G1,NCO), 7.15-7.38 (m,
10H, GHs), 7.85 (s, 2HH,® H® —Phen), 8.00 (dJ = 9.4 Hz, 2H,H*%,

Conclusions

The polytopic ligandl, has been prepared through a flexible
modular approach. Subsequent reactioriafith Zn?" salts
gives the supramolecular [ZH§]?" macrocycle. Reaction of the
same ligand with Ru(bpyTl, and [CbRU{ (x-2,3-dpp)Ru-
(bpy)}2]*" under reflux conditions yields the dinuclear complex

Experimental Section

Materials and Methods. The precursors Ru(bp@l>*° and [Chb-
RUY{ (u-2,3-dpp)Ru(bpys} 2](PFs)45t were prepared as reported in the
literature. Solvents were purified by using standard methods and dried
if necessary. All commercially available reagents were used as received.
However, the supporting electrolytes and the glassware employed for
the electrochemical experiments were stored in an oven for at least 24

h before use. TLC was carried out on silica gel Si 6&FColumn
chromatography was carried out on silica gel Si 60, mesh size ©.040
0.063 mm (Merck, Darmstadt, Germanihl NMR (300 MHz) spectra
were recorded with a Bruker AC 300 spectrometer. Elemental analysis
were performed by the Departmental Service of Microanalysis (Uni-
versity of Milan). Melting points (uncorrected) were determined with
a Buchi SMP-20 capillary melting point apparatus. FSHMS
measurements were performed in “static mode” (less than Bt
primary ions/crd) in a TOF-SIMS IV (ION-TOF) instrument using a
pulsed gallium beam (25 keV, 1 pA, 0.8 ns pulse width). Samples were
prepared as very thin layers by microsyringe deposition of an acetonitrile

(28) (a) Roundhill, D. M.Photochemistry and Photophysics of Metal
ComplexesPlenum: New York, 1994. (b) Fabbrizzi, L.; Poggi, A.
Chem. Soc. Re 1995 197.

(29) The hexanuclear compouRdI6 is a poor photoreductant, so electron-
transfer quenching dRu6 luminescence by copper(ll) is not expected
to be efficient.

H” —Phen), 8.30 (dJ = 9.4 Hz, 2H,H3, H® —Phen). MS-FAB(+)

m/'z 960 [(M + Naf'], 937 [M]. Calcd for GyHssNeOio: 937.

Cs2HesNsO1p Caled: C, 66.64; H, 7.33; N, 8.96. Found: C, 66.30; H,

7.05; N, 8.80.
2,9-Bis-(1,7,10,16-tetraoxa-4,13-diazacyclooctadecane)-carbonyl-

1,10-phenanthroline (5).A solution of4 (1.58 g, 1.96 mmol) in Ckt

COOH (30 mL) was hydrogenated at room temperature and atmospheric

(30) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem.1978 17,
3334,

(31) (a) Campagna, S.; Denti, G.; Serroni, S.; Ciano, M.; Balzanndfg.
Chem.1991, 30, 3728. (b) Serroni, S.; Denti, Gnorg. Chem1992
31, 4251.

(32) Bletsos, I. V.; Hercules, D. M.; van Leyen, D.; Benninghoven, A.
Macromoleculesl 987, 20, 407.

(33) Demas, J. N.; Croshy, G. A. Phys. Cheml1971, 75, 991.

(34) Dawson, W. R.; Windsor, M. Wl. Phys. Cheml1968 72, 3251.

(35) Nakamaru, KBull. Chem. Soc. Jprl982 55, 2697.

(36) Lumpkin, R. S.; Meyer, T. JI. Phys. Chem1986 90, 5307.
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pressure in the presence of Pd/C, 5% (400 mg). The reaction mixture 2PF + F]*, calcd 1484, found 1483. THel NMR data in acetonitrile
was filtered through a Celite plug, and the solvent was evaporated undersolution are reported in ref 16.

reduced pressure. The residue was dissolved inRGGH100 mL),
washed with 10% aqueous d&0Os, and the solvent evaporated to give
5(1.15 g, yield= 90%) as a light yellow thick oil*H NMR (CDCl):
0 2.65-2.80 (m, 10H, @i-NH), 3.40 (s, 8H, E,0), 3.50-4.00 (m,
28H, (H,0, CH,NCO), 4.02-4.10 (m, 4H, G1,NCO), 7.72 (s, 2H,
H,> H% —Phen), 7.97 (dJ = 9.4 Hz, 2H,H,* H" —Phen), 8.31 (d) =
9.4 Hz, 2H,H3, H® —Phen). MS-FAB(+) m/z 779 [(M + Na'], 754
[M] Calcd. for C33H56N60102 754. Q3H56N6010 Calcd: C, 6029, H,
7.47; N, 11.10. Found: C, 60.64; H, 7.30; N, 10.95.

2,9-Bis{ 13-[4-(1-phenyl{p-methylen)-2,2:6',2"-terpyridine]-1,7,-
10,16-tetraoxa-4,13-diazacyclooctadecapearbonyl-1,10-phenan-
throline (1). Solid Na&CO; (280 mg, 2.65 mmol) was added to a
solution of 5 (400 mg, 0.53 mmol) an® (430 mg, 1.06 mmol) in
CHsCN (50 mL), and the resulting suspension was stirred at reflux for
48 h. The reaction mixture was allowed to cool to room temperature,

and the solvent was evaporated in vacuo. The residue was taken up

with 100 mL of CHCI,, filtered through a Celite plug, and the solvent
evaporated to afford (0.71 g, yield= 95%) as a light yellow spongy
solid.*H NMR (CDCly): ¢ 2.62-2.87 (m, 8H, G1:N), 3.15-4.15 (m,
44H, CH,0, CH,NCO, 0‘|2C5H4), 7.26-7.50 (m, 8H, |‘E HY — Terpy,
H3, H® — CgHa), 7.75-7.95 (m, 10H, H', H¥" —Terpy,H,® H® —Phen,
H2, H8 — CgHy), 8.05 (d,J = 9.4 Hz, 2H,H,* H” —Phen), 8.40 (d,
J= 9.4 Hz, 2H,H3, H® —Phen), 8.66-8.75 (m, 12H, H, H.® H3, HY,
H®, H¥" — Terpy). MS-FAB(+) m/z 1420 [(M — 1) + Na'], 1398
[M - l] Calcd. Qzngleolo: 1399. Qzngleolo + NaBr + Hzo
Calcd: C, 64.76; H, 5.84; N, 11.04. Found: C, 64.53; H, 5.31; N,
10.99.

[Zn(2)](PFe)2. A mixture of zinc acetate (3 mg, 0.0143 mmol) and
1(20 mg, 0.0143 mmol) was refluxed in MeOH (10 mL) for 3 h. After
cooling to room temperature, the solution was filtered and solid-NH

[(bpy)2Ru(u-1)Ru(bpy)](PFe)s (Ru2). A solution of Ru(bpy)Cl,
(15 mg, 0.0286 mmol) and AgNgE10 mg, 0.0572 mmol) in 3 mL of
H,O/EtOH 1:1 was added dropwise to a stirred, refluxing solution of
1 (20 mg, 0.0143 mmol) in 4 mL of }O/EtOH 1:1, and the mixture
was refluxed for an additional 48 h. After cooling to room temperature,
the AgCl precipitate was removed by repeated centrifugation, and an
excess of solid NiPR was added to the concentrated solution. The
resulting orange precipitate was filtered off and further purified by
column chromatography on Sephadex G-15, eluting with acetonitrile.
Yield: 75%. Anal Calcd. for GoHi18F24N20010PsRW: C, 52.21; H,
4.24; N, 9.98. Found: C, 52.02; H, 4.06; N, 9.88.NMR (CD3CN):
0 2.95-4.23 (m, 52 H, ®:N, CH,O, CH,NCO, CH,CeH.), 6.76-
9.25 (m, 66 H, Ph, terpy, phen, bpy). TOBIMS: [M — PR]", calcd
2661, found 2661; [+ PFR] -, calcd 2951, found 2951.
[{ (bpy)2Ru(p-2,3-dpp)} 2Ru(p-1)Ruf (u-2,3-dpp)Ru(bpy)}2]-
(PFe)12 (Ru6). The same procedure employed w2 was used, with
[CI.RU (u-2,3-dpp)Ru(bpyg} 2] (PFe)4 (58.5 mg, 0.0286 mmol), AgND
(9.7 mg, 0.0572 mmol) antd (20 mg, 0.0143 mmol) in 15 mL of }D/
EtOH 1:1. After removal of AgCIl and addition of NRF;, a violet
powder was isolated. Yield: 79%. Anal. Calcd fon&l10072N44010P1 -
Rus: C, 44.14; H, 3.23; N, 10.39. Found: C, 44.32; H, 3.42; N, 10.36.
IH NMR (CDsCN): 6 2.91-4.13 (m, 52 H, @i2N, CH,0, CH,NCO,
CH2CsHy4), 6.74-9.54 (m, 138 H, Ph, terpy, phen, bpy;2,3-dpp).
TOF-SIMS: [M — PR]*, calcd 5790, found 5790; [M- PRs] ~, calcd
6080, found 6080.
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